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A B S T R A C T 
This thesis reports work on developing the atom laser as a tool for preci-
sion measurement. 
The improved beam quality and reduced divergence of an atom laser 
produced by an optical Raman transition (compared to one produced by 
an RF transition) is demonstrated with both experimental and theoretical 
results. The improvement in the beam quality of the atom laser (M^) is 
greater than a factor of 10 for experiments with tight trapping potentials 
(greater than In x 300 Hz). The analysis shows that Raman outcoupling 
can produce atom lasers whose quality is only limited by the wave func-
tion shape of the condensate that produces them, typically a factor of 1.3 
above the diffraction (Heisenberg) limit. 
Measurements have been done on the spatial mode of an optically guided 
and quasi-monomode atom laser, in all spin projection states {rrif = 
- 1 , 0 and -I-1) of F = l i n rubidium 87. The atom laser source is a Bose-
Einstein condensate (BEC) in a crossed dipole trap, purified to any one 
spin projection state by a spin-distillation process applied during the 
evaporation to BEC. The atom laser is outcoupled by an inhomogenous 
magnetic field, applied along the waveguide axis. The mean excitation 
number in the transverse modes is (h) = 0.65 ± 0.05 for mp = 0 and 
(n) = 0.8 ± 0.3 for the low-field seeker mp = -1 . 
A pumped atom laser has been produced. This involves coherently and 
irreversibly adding atoms to a Bose-Einstein condensate whilst an atom 
laser is outcoupled. Two spatially separated Bose-Einstein condensates 
of rubidium 87 in different internal hyperfine states were used, one pro-
viding a source of ultra cold atoms, and one acting as the lasing mode 
into which atoms were pumped. 
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I N T R O D U C T I O N 
An atom laser is a beam in which many atoms occupy a single quantum 
mode , just as an optical laser is a beam of light in which many photons 
occupy a single quantum mode. As a consequence, both may be approx-
imated as a classical wave with well-defined ampli tude and phase, and 
bo th have similar q u a n t u m statistics and the propert ies of brightness, 
directionality, coherence. These properties, and others such as their mass 
and sensitivity to electromagnetic fields, give atom lasers great potential 
to be useful in precision measurement , and in studies of fundamenta l 
physics (as optical lasers have already been). However, the techniques 
to p roduce and manipula te a tom lasers have not yet been sufficiently 
developed. This thesis describes work on improving the spatial mode and 
flux of atom lasers, and on producing a pumped atom laser, with the goal 
of making precision measurements. 
Precision measurement is impor tant . Where you are now, where you 
are going to, how fast you are going there, how much t ime has elapsed, 
even what gravitational and electric and magnetic fields you are travelling 
through: the ability to measure all these leads to technologies that improve 
our lives, and improve our understanding of the natural world. 
For instance, the precision measurement of position and velocity pro-
vided by navigation satellites, such as the Global Positioning System (GPS). 
I N T R O D U C T I O N 
make H possible for millions of people to fly around the world every day in 
safety and comfort. These systems rely for their function on the precision 
measurement of time, provided by atomic clocks [i]. 
Another instance is the advance in medical research through improved 
imaging techniques, such as Magnetic Resonance Imaging ( M R I ) . This 
relies on the precision measurement of many quantities including mag-
netic fields [2]. Yet another instance is the detection of valuable minerals, 
buried far below the Earth's surface, more easily, cheaply, and without 
the need for drilling, made possible through the precision measurement 
of gravitational gradients with remote sensing aircraft [3]. 
This thesis concentrates on developing a particular technology, atom 
lasers, for use in precision measurement, through the technique of atom 
interferometry. Atom lasers have potential for use in several types of 
precision measurement, including the measurement of: 
• rotations, 
• accelerations, 
• magnetic fields, 
• gravitational fields, and 
• the gradients of all those fields. 
The remainder of this introduction will give some background to both 
atom lasers and atom interferometry. 
1 . 1 A T O M L A S E R S 
What is an atom laser? And in what sense is it a laser? 
To answer these questions, it is necessary to define a laser. This is not 
easy to do; there is no universally accepted definition. Different physicists 
hold different opinions about what the definition should be and what 
features are and are not essential. The reasons for this are partly historical; 
as lasers have developed, so the definition has broadened and changed. 
The definition of a laser (atomic or optical) adopted in this thesis is 
that proposed by Howard Wiseman, who argued that the definition of 
a laser should rely upon the properties of the beam itself, not upon the 
type of particles which comprise it, nor upon the internal structure of 
the system that produces it. Wiseman proposed that a laser be defined as 
a beam with a large number of bosons in a single mode, so that: 
1.1 ATOM LASERS 
the output of a laser is well approximated by a classical wave 
of fixed intensity and phase [4]. 
The properties of directionality, brightness, monochromaticity, coherence, 
and quantum statistics, are either direct consequences of this or are in 
part derived from it. Therefore, these features are shared by both optical 
lasers and atom lasers. 
Currently, typical atom lasers contain about one million atoms, and 
range in length from several microns to several meters. Their transverse 
spatial mode ranges from gaussian in the ideal case, to any combination 
of hermite-gaussian modes. Figure 1.1 shows absorption images of atom 
lasers, created by illuminating the atoms with resonant light and recording 
the shadow of the atoms produced as they scatter the light. 
Many of the well known features of an optical laser have a counterpart 
in an atom laser. This is because they share the same defining f e a t u r e -
many bosons in a single mode—and to produce this requires a similar 
structure in both cases. For example, optical lasers have as their source a 
resonator (a cavity), usually two or more highly reflective mirrors, inside 
which there is an intense electromagnetic field, with many photons in 
an eigenmode of the cavity. For light, this eigenmode is a highly excited 
mode of the cavity. This has its analogy in the source of the atom laser, 
which contains many atoms in the ground state eigenmode of a confining 
potential. An optical laser leaves the cavity through partially reflective 
mirrors, which allow some light to leak out without changing the mode. 
This has its counterpart in the process which transfers atoms from the 
confining potential to the beam. Some features of an optical laser are 
not present (such as a population inversion). All of features, similar 
and dissimilar, are merely useful for arriving at the output beam, not a 
defining feature of the laser itself. The important detail—the chief reason 
why optical lasers have been so successful in precision measurement, and 
why atom lasers have such great potential—is that, again, each contains a 
large number of bosons in a single mode (or a small number of modes), 
and is well approximated by a classical wave. 
All atom lasers produced so far have used a Bose-Einstein condensate 
(BEC) as their source, including those developed for this thesis. There is 
a good reason for this. As discussed above, an atom laser needs many 
atoms in one quantum mode. Conveniently, this is what occurs when 
a BEC is created. The process of extracting the atom laser from the BEC 
(known as outcoupling) then needs only to preserve this concentration 
of atoms in a single mode, not create it. 
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1 . 2 B O S E - E I N S T E I N C O N D E N S A T E S 
The phenomenon of Bose-Einstein condensation was first predicted by 
Albert Einstein in 1925, using theoretical ideas developed by Satyendra 
Bose. It occurs when the size of the atomic de Broglie wavelength becomes 
comparable to the average spacing between atoms, so that the average 
number of particles in each quantum state (the phase space density) 
becomes of order unity. When this happens, the thermally accessible 
states of the system become saturated, and all excess density accumulates 
in the ground state. Einstein described it in this way: 
For each temperature, there exists a saturation density of 
the ideal quantum gas, such that molecules in excess of this 
density do not participate in the thermal agitation [5]. 
More precisely, for ideal gases in free space, condensation occurs when: 
= ( ( 3 / 2 ) ^ 2 . 6 1 2 , (1.1) 
where. 
ADB is the thermal de Broglie wavelength { h / \ / 2 n m k ^ ) , 
d = (where p is the density) is the average spacing between atoms, 
C is the Riemann zeta function; and where 
m is the mass of the atom, 
kg is Boltzmann's constant, 
h is Plank's constant, 
T is the absolute temperature. 
BEC was first achieved in 1995 by Carl Wieman, Eric Cornell and 
coworkers at J ILA in Boulder, Colorado [11]. Later that year, Randall 
Hulet and coworkers at Rice, and Wolfgang Ketterle and coworkers at 
MIT, also created BECS [12-14]. In 2001, Wiemann, Cornell, and Ketterle 
of MIT received the Nobel prize for the achievement of Bose-Einstein 
condensation, and for important early experiments with the condensates 
themselves [15,16]. 
BECS proved an exciting new material for study Below are listed a 
number of the important experiments which examined and revealed 
their properties. 
« Matter wave interference fringes from two expanding BECS were 
measured by Andrews et al., demonstrating the coherence of con-
densates [17]. 
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• Matter wave amplification in a condensate f rom an input pulse 
atoms was demonstrated by Kozuma et al. and Inouye et al. [ 1 8 , 1 9 ] . 
• The role of bosonic stimulation in the formation of the condensate 
was demonstrated by Miesner et al. [20]. 
• Non-linear atom optics effects in a condensate were demonstrated 
in the 4-wave mixing experiment by Deng et al. [21]. 
• Vortex lattices were observed by Abo-Shaeer et al. [22]. 
• The connection to condensed matter physics was demonstrated by 
experiments with optical lattices, such as the phase transition to a 
Mott insulator state [23]. 
The thesis describes the use of BECS as a source for atom lasers. The 
first atom laser was produced two years after the first production of Experimental 
BEC, by Mewes et al. in the group of Wolfgang Ketterle at MIT [6]. (See realisation of atom 
Figure 1.1). They used short pulses of radio frequency (RF) radiation, the 
frequency of which was swept through a resonance between the trapped 
condensate state mp = - I and the untrapped states. The proportion of 
atoms transferred depended on the pulse power and the speed of the 
sweep: transfer of more than 50% to mf = 0 and 100% to mf = +1 was 
achieved. 
The advantage of a sweep scheme is that fluctuations in the magnetic 
trap have little effect, provided that the resonant frequency remains in-
side the sweep range. To produce a quasicontinuous or long pulse atom 
laser (where the energy width of the pulse is much less than that of the 
condensate) required a very stable magnetic trap. Such an atom laser 
was first achieved by Bloch et al. in the group of Tilman Esslinger at 
Max Planck Garching [8]. (See Figure 1.1). They used a highly stable mag-
netic QUic trap, which permitted the use of a constant RF outcoupling 
frequency [24]. 
It is also possible to use a two photon Raman transition to outcouple 
an atom laser, which gives the atoms a m o m e n t u m kick, resulting in 
improved spatial mode and increased brightness. The first (pulsed) Ra-
man atom laser was reported by Hagley et al. in the group of Bill Phillips 
at NIST [9]. (See Figure 1 .2). They used fast pulses of light to outcouple 
atoms f rom a TOP trap, t iming the pulses of light to the motion of the 
trap (which had a magnetic bias field rotating at 20 kHz). The first quasi-
continuous Raman atom laser was reported by Robins et al. in our group 
at the ANU [10]. (See Figure 1.2). Again, a highly stable magnetic trap 
permitted a constant outcoupling resonant frequency to be used. 
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Mewes et. al, MIT 1997 Block et. al, Munich 1999 
Figure 1.1: Left: Pulsed RF outcoupled atom laser produced by M e w e s et al. (1997). 
F igure adapted f r o m Re ference [7]. Right: Q u a s i c o n t i n u o u s ( long pulse) RF 
outcoupled atom laser p r o d u c e d by B loch et al. ( 1999). F igure adapted f r o m 
Reference [8]. These are false colour absorption (shadow) images. The dif ferent 
colours represent different atomic densities, with increasing density f r o m green 
to yel low to red to white. 
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Gravity Gravity 
Hagley et. al, NIST 1999 Robins et. al, ANU 2006 
Figure 1.2: Left: Pulsed Raman outcoupled atom laser produced by Hagley et al. 
(1999). Gravity is in the plane of the image. Raman outcoupl ing gives a toms 
an intitial m o m e n t u m kick (§2.5), in this case the kick was was hor izontal 
in di rect ion. The outcoupl ing pulses were applied in rapid succession (at the 
20 k H z frequency of the rotating magnetic bias field of the TOP trap) and so gaps 
between the pulses are not observable. Figure adapted f rom Reference [9]. Right: 
Quasicont inuous (long pulse) Raman outcoupled atom laser produced by Robins 
et al. (2006). The momen tum kick was downwards in direction and the image is 
normally oriented (gravity is down). Figure adapted f rom Reference [10]. These 
are false colour absorp t ion (shadow) images. The different colours represent 
different a tomic densities, with increasing density f rom green to yellow to red 
to white. 
I N T R O D U C T I O N 
Several experiments have confirmed important theoretical predictions 
about atom lasers, and demonstrated their potential. They include the 
demonstration of atom lasers to be first order coherent by Bloch et al. [25]. 
This was established by outcoupling an atom laser with two different RF 
frequencies. This produced two matter waves of different wavelengths 
which interfered to produce high contrast fringes. Atom lasers were 
shown to be second order coherent by Ottl et al. [26]. The experiment 
was done by using a single atom detector (a high finesse optical cavity) to 
measure the statistics and correlations of the incoming beam, and showed 
that ^(^H^) = 1 for an atom laser, just as for an optical laser. Atom lasers 
were measured to have longitudinal (or temporal coherence) by Kohl et 
al. [27]. (This experiment is discussed in greater detail in §8.1.) 
In the following section, I will introduce atom interferometry, and 
explain how atom lasers might find a use for precision measurement. 
1 . 3 A T O M I N T E R F E R O M E T R Y 
Atom interferometry is a measurement technique, which involves taking 
a group of atoms, dividing them between two or more possible paths 
through a system, recombining them at the end, observing the result-
ing interference pattern, and from that extracting the desired measure-
ment [28]. In the language of quantum mechanics, it is said that the atoms 
enter into a superposition of having traversed both paths, with one path 
acquiring a different phase relative to the other. Recombination, when 
done correctly, causes the difference in phase (which is not directly ob-
servable) to become a difference in another quantity which is observable. 
For instance, the relative number of atoms in two distinct quantum states. 
The two "paths" need not be physical trajectories through space, but 
may be any suitable internal or external quantum states. 
Atom interferometry has already been very successful in the measure-
ment of time. Beginning with the method of separated oscillatory fields, 
for which Norman Ramsey received the Nobel prize in 1989, atomic 
clocks have provided the most accurate measurement of time [29, 30]. 
Atomic clocks are the now accurate to one part in 10'® [31], have led to 
the redefinition of the second, and they have allowed development of 
such technology as satellite navigation systems and GPS [1]. 
Atom interferometry can be used to measure more than time. Lenef 
et al. have made measurements of rotations [32]. For rotations, interfer-
ometers with atoms would have a sensitivity of 11 orders of magnitude 
greater than those with light, if each had the same detector area and rate 
of flux. At the present, however, optical lasers can achieve typically 7 
1-3 A T O M I N T E R F E R O M E T R Y 
m 
Figure 1.3: General principle of atom interferometry. A group of atoms is co-
herently divided between two or more possible paths through a system, such 
that the effect being measured affects the phase of one differently to the other. 
They are coherently recombined at the end, the resulting interference pattern 
observed, and from that the desired measurement is inferred. The two " p a t h s " 
need not be physical trajectories through space, but may be any suitable internal 
or external quantum states. 
10 I N T R O D U C T I O N 
orders of magnitude greater area and more than lo orders of magnitude 
greater flux; nevertheless, the potential exists and this may change as 
atom lasers develop [28]. Because of their mass, atoms are useful for 
measurements of gravitational fields. Peters et al. have used atom inter-
ferometry to measure the local gravitational field g with a sensitivity of 
2 X 10"^ [33, 34]. Gravitational gradients have been measured 
to a sensitivity of 4 x 1 0 - ' ( ^ / m ) / \ / H z [35, 36]. Atoms are also sensitive 
to magnetic fields. Vengalattore et al. have used a spinor condensate to 
measure magnetic fields with sensitivity of 8.3 p T / ^ H z over an area of 
120 nm^ [37]. This is already an improvement over SQUID magnetome-
ters for small measurement areas, and the group has proposed several 
improvements (faster duty cycle etc.) so that the sensitivity would be 
competitive on an absolute scale. 
Recent proposed experiments include the measurement of gravitational 
waves, based on a 1 km baseline terrestrial atom interferometer, with a 
planned strain sensitivity of 10 ' V v ^ in the 1-10 Hz band, frequen-
cies which will be inaccessible to current and prospective gravitational 
wave detectors [38]. A proposed satellite experiment has two atom in-
terferometers separated by 1000 km and would have comparable strain 
sensitivity (10"2°/\/HZ) and frequency measurement to LISA, the current 
proposed satellite measurement system. This proposal makes the crucial 
insight that unrealistic flux estimates are unnecessary by using two atom 
interferometers, separated by a large distance but addressed by the same 
laser. 
With all atom interferometers, the more atoms used, the greater the 
measurement precision will be. This is because with all these measure-
ments, the signal is proportional to the number of atoms. The noise is 
usually proportional to the square-root of the atom number (unless the 
quantum statistics of the source have been altered by squeezing). There-
fore the all important signal-to-noise ratio is also proportional to the 
square-root of the atom number. Because of this, thermal atoms have 
been used until now, because of their greater flux of atoms compared to 
BEC and atom laser sources. 
One problem, however, with current devices is the large velocity spread 
of the thermal atomic sources used. A key feature of these devices is the 
large momentum beam splitter (using Bragg diffraction) giving up to 24 
photon recoils to the atoms [39]. The chief benefit of the large momentum 
kicks is the long measurement time that is made possible. These beam 
splitters have a very narrow velocity resonance, meaning that only a small 
fraction of the large thermal atom flux is addressable. The proposed next 
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generation devices will use Bose condensed sources because of their low 
(Heisenberg limited) momentum spread. 
1 . 4 A B O U T T H I S T H E S I S 
The first two sections of this thesis describe improvements to the spatial 
mode of atom lasers. The spatial mode refers to the physical form of the 
quantum state: the wavefunction for atom lasers or the electric field for 
optical lasers. A good spatial mode maybe a "classical" effect (it concerns 
single-particle quantum mechanics) but for atom interferometry it is an 
important one. Classical effects contribute noise that scales linearly with 
flux. With increasing flux, classical effects rapidly overtake the square 
root dependence on flux of quantum noise and limit the precision of any 
measurement. In this thesis both of the principal types of atom laser, those 
which propagate in free space and those which propagate in waveguides, 
are discussed. 
The final section of this thesis is about making atom lasers operate con-
tinuously. Current atom lasers are extinguished when their source, a BEC, 
is empty. This thesis describes the first method to coherently replenish 
that source, a process called pumping, while at the same time producing 
an atom laser. Such a process, when combined with the delivery of cold 
atoms to a BEC, could be used to produce a truly continuous atom laser. 

Parti 
F R E E S P A C E A T O M L A S E R S 

2 
S P A T I A L M O D E 
In this chapter I, discuss the spatial mode of atom lasers. I consider these 
questions: 
A. Why is the spatial mode important? 
B. How can this be quantified? 
c. Is it currently a problem? 
D. How may it be improved? 
2.1 W H Y IS T H E S P A T I A L M O D E I M P O R T A N T ? 
A physics experiment may be done for one of two reasons. It may be 
done to observe some new phenomenon, and learn something funda-
mental about nature. In this case, it is necessary that the magnitude of 
the phenomenon be greater than the magnitude of the noise, so that the 
phenomenon may be successfully observed and correctly identified. The 
extent to which it is greater, however, is not important. 
An experiment may also be done in order to know a particular quantity 
precisely. This may be of fundamental interest, such as the charge of an 
electron, or it may be of practical interest, such as a person's current 
position and velocity. For a precision measurement, the fundamental 
consideration is the sensitivity of the measurement: that is, the level of 
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exactness to which the particular quantity may be determined. The sen-
sitivity of a measurement is de termined by the relative magn i tude of 
the signal derived f rom this quanti ty and of the background noise: the 
signal-to-noise ratio. 
The reason that the spatial mode of an atom laser beam — or an optical 
laser beam — is impor tan t is because it affects the sensitivity of any 
measurement made with that beam. It is true that this is a "classical effect" 
(it concerns single particle q u a n t u m mechanics) . Classical sources of 
noise are sometimes considered less fundamental than quantum sources 
of noise, such as the q u a n t u m n u m b e r fluctuations of the b e a m (the 
shot noise). However, the experimenter 's goal is simply to maximise the 
signal-to-noise ratio of the measurement. Standard quantum noise scales 
with the square root of the flux, and classical noise scales linearly with 
the flux. As flux increases, classical effects quickly become the dominant 
source of noise, and therefore it is important to be able to deal with them. 
A quantitative I will now discuss this in a more quantitative way Consider an interfer-
discussion ometric measurement made with N particles (atoms or photons) divided 
equally between two beams. The signal is: 
Signal = V(t>N, (2.1) 
where 0 is the phase (this is the limit for small phases) and F is the fringe 
visibility, which quantifies how well the two beams are m o d e matched 
to each other. This is discussed in more detail below, but briefly, is 1 if 
the mode matching is perfect, it is 0 if the two beams do not interfere at 
all (for example, if they have orthogonal electric field polarisations (for 
optical lasers), or are physically separated f rom one another) , or it may 
be any value in between. 
What is the magni tude of the noise in such a measurement? Let us 
imagine that there are two main sources of noise. First, that the source has 
conventional Poissonian number fluctuations (quantum shot noise) and 
is not squeezed. The magnitude of the noise due to these fluctuations will 
therefore be Second, let us imagine that, dur ing the measurement , 
the position of one beam fluctuates with respect to the other by a displace-
ment d which is perpendicular to their propagation. This displacement 
could be due to a mirror moving (for optical lasers) or fluctuating mag-
netic fields (for a tom lasers) or indeed many possible reasons. O the r 
than this fluctuating displacement, the spatial modes of the two beams 
are identical. The visibility V will therefore be a func t ion only of the 
displacement, V = V{d). 
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Let us further imagine that the interferometer can be ahgned to oscil-
late around the position of ideal mode matching, that is (d) = 0. There-
fore {V) = 1, and the first derivative of V with respect to the displace-
ment is zero (since it is at a maximum), but the second derivative is 
not. The magnitude of the noise due to this displacement is therefore 
{ l /2){d^V/dd^){Ady(l )N where { A d y is the variance in the displace-
ment. Since the two noise sources (shot noise and shaking noise) are 
uncor rec ted , we shall add their magnitudes in quadrature. The total 
signal-to-noise ratio is therefore: 
Signal ^ <I>N ^^ ^^ 
Noise / T T a V ' 
There are therefore two limits to be considered, that of large and small 
particle number (or large and small flux — in this thesis I often refer to 
particle number as tlux, because it is clear and concise, with the under-
standing that there is certain measurement time involved which would 




(P^/N, N small 
(2.3) 
N large 
Note that in the large N regime, the signal-to-noise ratio is independent 
of the tlux and also of the signal strength. For a given variance in the 
displacement, it depends only on d^V/dd^. An ideal beam for this type of 
measurement, therefore, would have a spatial mode where the visibility 
did not change greatly with displacement, that is where d^Vjdd^ was 
small. Of course, the quantity d^V/dd^ is not a complete description of 
the spatial mode quality of a beam. It describes only how easy it is to 
mode match a beam with itself—in general, two diff'erent beams with 
different spatial modes would be used. They would have a d^V/dd^ when 
interfered together which would be different from that which they would 
have when each was interfered with itself. (However, it is likely that two 
beams each with a high (or low) d^V/dd^ would also have a high (or low) 
d^V/dd^ between them.) The maximum visibility is also not 1 in general 
between two different beams. Furthermore, it is artificial to consider 
only one type of modematching problem, such as the simple transverse 
displacements considered here. In general, such fluctuations would be a 
combination of longitudinal, transverse, and rotational displacements, 
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Poor modematching 
reduces the effective 
flux 
as shown in Figure 2.1. There exists no general way to quant ify all these 
different fluctuations, but there is a single figure of meri t which helps 
to classify them, and which helps to predict the usefulness of a beam in 
a precision measurement . It is the beam quality parameter M^, and it 
indicates how far the beam differs f rom the m i n i m u m uncertainty state. 
I will define this quantity properly in §2.3 and discuss it in detail in §3.3. 
Before that, however, I will examine the case of two gaussian optical laser 
beams interfering, as it develops the above ideas fur ther and elucidates 
several interesting and useful facts about inteferometery. 
There is one further point about spatial mode worth mentioning. If the 
two modes are different, so that perfect modema tch ing is no t possible, 
and the visibility V is less than one, then this is equivalent to reducing 
the flux by a factor V^. That is, it reduces the signal by a factor of V, but 
all the flux of the beam contributes to the shot noise, so the noise remains 
\/]V, giving a signal-to-noise ratio of V(p\ /N, the same as for perfectly 
modematched beams with flux V^Af. 
2 . 2 A N E X A M P L E W I T H O P T I C A L L A S E R B E A M S 
Some motivation Before I present the results on atom laser beam profiles, I would like to 
present a short example to motivate this discussion, which fully works 
through the mathematics presented in brief above. This example demon-
states a surprising fact about spatial modes, which is true for both optical 
laser beams and atom laser beams: that even though the width of a diverg-
ing beam grows larger and larger as it propagates, the absolute amoun t 
of misal ignment possible for a given sensitivity does not change. If two 
laser beams with waists of 50 microns were used to make an inteference 
measurement , with the detector located at the posit ion of their waists, 
one would obviously need to physically overlap the two beams to within 
a tolerence smaller than their waist—that is, to a tolerance less than 
50 microns. But even if the detector was placed at a distance f r o m the 
waist, so that each beam had expanded to a width of 1 meter, the two 
beams would still need to be overlapped to within the same t o l e r a n c e -
less than 50 microns! Again, this is true for both optical lasers and atom 
lasers. Note that using a lens to increase the waist of a beam (atomic or op-
tical) does does increase the tolerance on modematching: it is always the 
beam waist, not the size at any particular point in the beam propagation 
that is important . 
Let us now perform a thought experiment, the purpose of which is to 
measure the phase difference 0 between two imaginary optical laser 
beams. The two beams are modema tched together on a 5 0 - 5 0 b eam 
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Perfect m o d e m a t c h i n g 
Transverse displacement 
Rotat ional d isplacement 
Figure 2.1: Different possible modematching problems. In general, an experiment 
would experience all of them simultaneously to some degree. 








Figure 2.2: Two lasers of identical spatial mode (including waist wq) but displaced 
by a distance d from each other, are incident on a detector which is a distance 
Zo from their waists. If the detectors can only measure the total power incident 
on them, then fringe visibility of their measurement is V{d) = /wl), 
independent of zq. This is surprising, since at some large zq the displacement 
could be a tiny fraction of the widths of the beams at that point (yet still larger 
than Wo), so that the beams appeared to be completely overlapped and yet the 
fringe visibility would be negligible. The top part shows the lasers, beam splitter 
cube and both detectors. The bottow part shows a detail of the beams incident 
on one detector. 







Fringe Visibility 100 % 
d= Wo 
6 0 % 
d = 3 Wo 




6 0 % 
d = 3 Wo 
y\l l / v 
Figure 2.3: Invariance of visibility to propagation distance. The fringe visibility 
for all combinations of d e {O.wo.Swo} and z 6 {0,20zo} are shown. The 
interference pattern on each detector is shown for the case (j) = 0 (for 0 = ;r, it 
is the same but with detectors swapped). The fringe visibility is therefore (area 
under red curve - area under blue curve) / (area under both). Note that for 
d = 3wo and z = 20zo (bottom row), the beams appear almost overlapped 
but the visibility is still 1 %. (The scale changes between the top 3 rows and the 
bottom 3 rows.) 
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splitter, with the light from each output port of the beam splitter aligned 
onto a detector (see Figure 2.2). The propagation axis (perpendicular to 
the detector surface) shall be labelled the z axis. Each beam has the same 
waist WQ and both waists are at the same z position, with the detector 
located a distance Zq from the waist. Each beam is displaced from the 
other a distance d along the x direction (perpendicular to the propagation 
direction). Each detector only measures the total power incident upon 
it—no spatial information about the intensity distribution is collected. 
If the detectors could measure spatial information perfectly, and if the 
two spatial modes were stable and known perfectly, then the following 
analysis does not necessarily apply and the phase between the beams can 
always be retrieved. I make this requirement because it is a technologically 
simpler detection system that is commonly used, it does not require that 
the spatial modes be stable and well known, and because for atoms the 
level of spatial detail needed is frequently orders of magnitude smaller 
than can be resolved with standard techniques. 
With the above definitions made, the power P incident on each detector 
may be written: 
P^ f I{x,y)dxdy, (2.4) 
JD 
where the integral over D represents the surface of the detector (which 
may be as large as needed), and I(x, y) represents the intensity due to 
the inteference of the two beams, the intensity being proportional to the 
modulus squared of the complex electric field vector: 
I oc \E\\ (2.5) 
where E is the complex electric field amplitude. The constant of propor-
tionality is not relevant to the discussion, and may be neglected (for 
example, with an appropriate choice of units.) Let us label the complex 
electric field vector (that is, the spatial mode) of one beam as A and the 
other beam as B, with A and B each being a function of both x and y. 
Therefore, the intensity at each detector is: 
V2 V2 
(2.6) 
where the factors of 1/a/2 are due to the beam splitter, and the ± has 
sign + at one detector and - at the other detector (also due to the beam 
splitter [40]). 
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The signal from the detector is the total power incident upon it: 
P^ = l h d x d y (2.7) 
+ \PB±Re(^J A*Bcbc dy^ . (2.8) 
Where the first two terms are simply half the power in the first beam 
PA and half the power in the second beam PB, and the last term is the 
interference term. (The operator * denotes complex conjugation). The 
purpose of the experiment is of course to measure the phase between the 
two beams Let us make this explicit, by rewriting: 
B e'^B, (2.9) 
and (for convenience) adding a unimportant constant phase to both A 
and the rewritten B such that: 
arg fA*e''''Bdxdy] = (t> + n/2. (2.10) 
(The n j l offset is not crucial, but it will be convenient to obtain a sine 
function in the next step rather than a cosine.) With this, the power can 
be usefully rewritten: 
= \ P j ± s in(0) J\A*B\ dx dy, (2.11) 
where P j = PA + PB is the total power in both beams. 
Let us now define the visibility (originally done by Michelson in 1891 [41]). 
It is found by varying the phase of the interferometer through its entire 
range (see Figure 2.4), finding the maximum and minimum powers Pmax 
and Pmin, and using them: 
y = (2.12) 
Pmax -Pmin 
This formulation is equivalent to (in the notation of this chapter): 
2f\A*B\dxdy . . 
V = ^ ^ (2.13) 
f{\At^\Bf)dxdy 




M A X - M I N 
M A X + M I N 
Phase 
Figure 2.4: Definition of fringe visibility (or simply visibility) in an interferomet-
ric measurement. The visibility quantifies how much of the flux contributes to 
the interferometric signal. It is found by varying the phase of the interferometer 
through its range, and the minimum and maximum signals are recorded. The 
intensity maximum is often referred to as the bright port and the intensity mini-
mum the dark port. When a phase of zero corresponds to a signal in the middle 
of its range (as in the figure above) the interferometer is said to be operating at 
mid-fringe. 
Note that the visibility at one detector must always be the same as at 
the other (this is a consequence of energy being conserved.) Using this 
definition, Equation 2.11 can be rewritten: 
p , = i p , ( l ± y s i n ( 0 ) ) . (2.14) 
The phase is calculated by subtracting the power at one detector from 
the other: 
Signal = P+ - P_ 
= Vsm{(l))Pr 




thereby obtaining the expression for the signal given in Equation 2.1, after 
making the connection between the power in the light field and the flux 
of photons in it. 
Until this point, we have kept the two modes A and B quite general. Let 
us now make them specific: as each being the lowest order gaussian beam 
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(also known as the t e m q o mode). For this beam, the complex electric 
field amplitude is: 
- P 
2 







is the field amplitude, 
is the beam waist, 
is the axial coordinate, 
is the (transverse) radial coordinate + y^, 
w{z) is the beam width Wo^l + z^/z], 
Zr is the Rayleigh length nwl/X, 
R{z) is the radius of curvature I+Zq/z, 
k is the wavenumber 27r/A, 
C(z) is the Gouy phase. 
Neglecting Eq (which again is unimportant), neglecting ikz and the Guoy 
phase C(z) which will be identical in each beam at every point along the 
detector, and noting that the second last phase term may be rewritten: 
(2.19) 
2Riz) wizyzn 




A and B can be explicity defined using this formulation: 
A = E{x,y,z) and B = E (x - d,y,z). (2.21) 
Calculating the integral in Equation 2.13 (using standard techniques of 
gaussian integrals), the visibility is: 
(2.22) 
which, as discussed above, is independent of the propagation distance 
to the detector Zq, and in fact depends only on the waist. When the 
displacement is larger than the waist of the beam, yet smaller than the 
width of the beam, then complicated interference patterns may appear 




on each detector. The form of these patterns may vary as the phase varies, 
whilst the power on each detector remains almost the same. An example 
of this in given in Figure 2.3, which shows the intensity pattern on each 
detector for a range of displacements and propagation distances. 
Of course, for precision measurement it is typically small fluctuations 
in the displacement that are of concern (see §2.1). Therefore the quantity 
d^V/dd^ (evaluated at d = 0) is the important quantity in determining 
the signal-to-noise of a measurement. From Equation 2.22, it can be seen 
that for two gaussian (TEMQO) beams: 
d'V 
dd^ d=o w 
,2 • 
(2.23) 
How does this change for higher order Hermite-Gaussian modes? In 
general it is quite complicated. For two n^ = l,ny = 0 Hermite-Gaussian 
beams, the visibility is: 
V{d) = ( 1 - d'/wo') e x p {-hd'lwl). ( 2 . 2 4 ) 
For two rix ^2,ny = 0 Hermite-Gaussian beams, the visibility is: 
(2.25) 
The important quantity, of course, is d^V/dd^ which for a beam which 
contains only the higher order mode is: 
d'V 
dd^ wx 
( 2 . 2 6 ) 
2.3 HOW C A N T H E S P A T I A L M O D E Q U A L I T Y B E Q U A N T I F I E D ? 
The beam propagation 
factor M^ 
There is no completely general way to quantify the spatial mode quality 
of an atom laser (or an optical laser), so that it is easy to calculate the 
change in signal-to-noise ratio due to every possible misalignment, or to 
calculate the maximum signal-to-noise ratio with two different beams. 
There is, however, a quantity which is useful in evaluating the spatial 
mode quality, and is a good indicator of how a beam will perform in a 
precision measurement. It is the beam propagation factor M^, introduced 
for optical lasers by A. E. Siegman et al. and extended to atom lasers by 
2.3 H O W C A N T H E S P A T I A L M O D E Q U A L I T Y BE Q U A N T I F I E D ? 2 7 
J.-F. Riou et al. [42, 43]. It is a measure of how far the beam deviates from 
the minimum uncertainty (least diffracting) state, and is defined by: 
M' = - A x A p , , (2.27) 
where Ax is the beam width measured at the waist, and Ap^ is the trans-
verse momentum spread. An ideal (Gaussian) beam therefore has M^ = 1 
along both its principal transverse axes. A non-ideal beam has an M^ 
greater than 1 (see Figure 2.5). 
M^ - 1 
Excellent 
spatial mode 
M^ » 1 
Poor 
spatial mode 
Figure 2.5: Examples of beams with different spatial modes. 
The beam propagation factor M^ is useful because, usually, the lower 
the M^ value, the smaller the effect on a measurement due to imperfect 
modematching. The M^ value is also practical because it does not change 
during propagation, even through lenses which change the waist, reflec-
tions f rom mirrors or simply propagation in free space. Therefore, for 
many systems it need only be calculated once. To be more precise, it does 
not change during propagation in the paraxial regime. This regime is 
defined in §3.3, but essentially it applies when there is a well defined di-
rection of propagation and low divergence—in other words, it applies to 
almost anything that could be considered a beam of light or atoms, rather 
than a point source or a cloud expanding in all directions. Furthermore, 
in many experiments it is possible to change the beam waist with lenses, 
which reduces the effect of certain misalignments, such as the transverse 
displacement studied in the previous section. The M^ value, which does 
not change as the beam waist is changed, makes it possible to compare 
beams of different sizes. M^ is also practical because only measurements 
Why is M^ useful? 
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of the intensity of the beam in question are needed to determine it; it is 
not necessary to make interference measurements of the beam with itself 
or anything else. 
The M^ values can be used in a rigorous second moment propagation 
law, which holds (in slightly different forms) for both light and atoms: 
/ A 
w(zy = w' + M'x (z-zo)' for light, 
w(ty = wl + M H h 2mwo/ {t-toY for atoms. 
(2.28) 
{2.29) 
(Further details are in §3.3.) This leads to the embedded gaussian concept: 
an arbitrary beam of waist Wq with M^ » 1 can be considered as having 
an "embedded gaussian" beam inside it with waist Wq = Wq/M, and 






Figure 2.6: The embedded gaussian concept. An arbitrary beam of waist Wq with 
M^ » 1 can be considered as having an "embedded gaussian" beam in it. The 
embedded gaussian has waist wq = Wq/M, and with width W(z) = W{z)/M. 
Figure adapted from Reference 44. 
One detail to note is that a real beam has two transverse axes, and 
therefore two M^ values, M l and M j . These can be defined rigorously 
along an arbitrary choice of axes x and y, but will be most useful when 
the principal axes of the beam are chosen. Some unusual beams have 
"twisting" propagation which makes characterisation using M^ difficult; 
they are not considered in this thesis as they are typically not useful for 
interferometry [44]. When a beam has a high degree of circular symmetry, 
usually only one M^ value is given. For the atom lasers studied in this 
lasers. 
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thesis, only one of the principal axes has a poor spatial mode (as shall be 
seen later), and so only for that axis is the M^ value examined. (For the 
other principal axis, M^ is very close to 1.) 
What are typical values for M^? Amongst optical lasers, the Toptica Typical M^ values of 
DLX n o , a 1 W diode laser marketed to research labororatories, costing commercial optical 
around $us 50,000 and used in many atom optics experiments including 
at ANU, has a manufacturer 's specification of M^ = 1.5 [45]. Typically, the 
spatial mode is improved using single-mode optical fibers or spatial fil-
tering techniques before use. The Mephisto laser from Innolight, an ultra-
stable laser for precision measurement and costing around $ U S D 150,000, 
has a manufac turer ' s specification of M^ = 1.05 [46]. A high power 
industrial laser used for cutt ing and welding (where modematching is 
unimportant), such as the 2 kW Yb fiber laser from IPG photonics has an 
M^ = 1.15 [47]. M^ is in fact part of the iso standard for measuring and 
characterising optical laser beams [48], defined in iso 11146-1:2005 [49]. 
2 . 4 IS T H E S P A T I A L M O D E O F A T O M L A S E R S A P R O B L E M ? 
The source of an atom laser is a Bose-Einstein condensate (BEC). This is 
a cloud of atoms with a large fraction of atoms in the quantum ground 
state. Typically these atoms are held in a trapping potential, and typically 
this potential is harmonic. The spatial mode of the ground state for such 
a potential is a m i n u m u m uncertainty state gaussian wavefunction (for 
non-interacting atoms); that is, it satisfies the equality: 
ft / ^ AxAp^ = - . (2-30) 
If an atom laser could be produced in a way which preserved this wave-
function, it would have the ideal spatial mode M^ = 1. 
Is this observed in current experiments with atom lasers? Many ex-
per iments have studied atom laser beam spatial mode, and they have 
noted that the atom laser spatial mode is poor [6, 8, 9, 50-52]- Figure 2.7 
shows atom laser spatial mode measurements by Riou et al. in the group 
of Alain Aspect at the Laboratoire Charles Fabry (LCF) in Orsay. They 
clearly show a poor spatial mode, with an M^ as high as 15 with certain 
parameters. The reason for this is that atoms interact with each other 
through collisions. This has two consequences. The first consequence is 
that the spatial m o d e of the condensate is not a m i n i m u m uncertainty 
gaussian, but is broadened to become approximately parabolic. The sec-
ond (and more significant) consequence is that the condensate acts as 
a non-ideal diverging lens on the atom laser. This is discussed in more 
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detail in §3.1, but briefly, transfer of atoms from the trapped to the un-
trapped state {outcoupling) occurs along magnetic equipotential surfaces 
inside the condensate. When the atom laser is created on the outcoupling 
surface, it has the same excellent spatial mode as the condensate, but 
this is altered as it propagates through and exits the condensate, and cre-
ates caustics in the beam. These atom lasers show high spatial frequency 
fringes along their transverse profile, which would be a problem if they 
were used in a precision measurement. Anything which increases the 
interactions between the atoms, such as increasing the condensate atom 
number or the tightness of the trap only makes the problem worse. 
2.5 HOW C A N T H E S P A T I A L M O D E OF A T O M L A S E R S B E I M P R O V E D ? 
As mentioned in the previous section, an atom laser is produced inside 
the condensate along magnetic equipotential surfaces. By selecting the 
appropriate surface, the atom laser may be produced from any height 
inside the condensate. Many experiments have noted that by outcoupling 
Outcoupling from the atoms from the base of the condensate, the spatial mode is improved [43, 
base of the condensate go, 52]. (This is shown dramatically in Figure 2.7, which shows atom 
lasers outcoupled from the top, center, and bottom of the condensate.) 
This is done by using a higher outcoupling frequency so that the resonant 
surface is at the base of the BEC. The atom laser travels less distance inside 
the condensate, and is therefore less affected by it. This is demonstrated 
in Figure 2.8. The figure shows cross sections through the condensate, 
and the classical trajectories of atoms travelling through them. 
However, outcoupling from the base of the condensate is undesirable 
for a number of reasons (see Figure 2.9). First, because the condensate 
is most dense in the center, outcoupling from the center produces the 
highest flux for the given coupling strength and hence classical intensity 
noise level [54]. Second, outcoupling from the center allows the longest 
operating time (for a quasicontinuous atom laser) since all the atoms can 
be outcoupled to completely drain the condensate. Third, outcoupling 
from the center minimizes the sensitivity of the outcoupling to condensate 
excitations or external fluctuations. For example, when outcoupling from 
the base of the condensate, small fluctuations in the magnetic bias field 
could move the outcoupling surface completely outside the condensate, 
turning ofl^  the atom laser. 
Therefore, for precision measurement, we require a means of creating 
an atom laser with a high quality spatial mode whilst outcoupling from 
the center. This is the subject of the next two chapters. The technique 
we have used is to change the outcoupling method, from using an RF 
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1 1 H 
M 1 1 
M' 14 
Figure 2.7: A t o m lasers produced with R F outcoupling by J. F. Riou et al. at the 
Laboratoire Charles Fabry de I'lnstitut d'Optique near Paris. The top row shows 
absorption images, the middle row shows the density profile 600 |im below 
the condensate, and the bottow row shows the theoretical predictions. The left 
co lumn shows an atom laser outcoupled from the top of the condensate, the 
central column from the middle of the condensate, and the right column fron 
the bottom of the condensate. Figure adapted from Reference 53. 
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Figure 2.8: Outcoupling from the top of the condensate compared to outcoupling 
from the base (for RF outcoupled atom lasers). Cross-section of condensate 
(circles), outcoupling surface (dashed line) and atom trajectories (in blue) shown. 
The atoms move with increasing acceleration along the trajectories. Outcoupling 
from the base produces a higher quality spatial mode, as the atom laser travels 
less distance inside the condensate, and therefore acquires a smaller velocity 
spread. 
Figure 2.9: Comparison of outcoupling from the base and middle of the conden-
sate. Cross-section of condensate and outcoupling surface shown. Outcoupling 
from the middle has a higher flux for the same outcoupling streng and hence 
classical noise level, allows complete draining of the condensate, and is less 
sensitive to fluctuations. (The atom trajectories are not shown, since the type of 
outcoupling considered here is more general). 
transition to a two-photon R a m a n transisiton. R a m a n outcoupling was 
first proposed by Moy et al. at ANU [55]. It was first done experimentally 
as pulsed outcoupling by Hagley et al. at NIST [9], and continuous Raman 
outcoupling was first done by Robins et al. at ANU [10]. This technique 
improves the spatial m o d e because atoms are given a m o m e n t u m kick 
of up to 5 m m / s , which accelerates them out o f the condensate and the 
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reduces the effect of the interaction between them. In short, it permits 
outcouphng from the center whilst producing a high quahty spatial mode. 
The following chapter introduces the theory needed to understand 
and to model outcoupling from an atom laser. The chapter following that 
discusses the experiments done at ANU which demonstrate the improve-
ments that Raman outcoupling brings. 

3 
C A L C U L A T I O N O F T H E S P A T I A L M O D E 
In the previous chapter, I discussed the importance of spatial mode for 
atom lasers. In this chapter, I describe the calculations done to model the 
atom laser spatial mode. This was done in a three-stage process, shown 
in Figure 3.1, using a technique developed by J.-F. Riou et al. [56]. Each 
stage models the atom laser propagation in a different region. 
1. The first stage is the region inside the condensate, in which the 
WKB approximation is used, by integrating the phase along the 
classical trajectories. The purpose of this is to find the atom laser 
wavefunction and its derivative on the surface of the condensate. 
2. The second stage is immediately outside the condensate, in which 
a Kirchoff-Fresnel integral is used, with the Green's function for 
the gravitational potential. 
3. The third region is sufficiently below the condensate that the parax-
ial approximation is valid. In this regime ABCD matrices can be 
used to propagate the atom laser beam further, and the M^ value 
can be found. 
Several assumptions and simplifications are made in the calculation. 
The calculation models outcoupling which is both steady state and weak 
(that is, the outcoupling rate is low) [57]- T^e calculation assumes steady 
state operation of the atom laser (since it solves the time independent 
Convention for this 
chapter: z is down (and 
a tight trapping axis), y 
is weak trapping axis 
(because it is the 
magnetic bias field 
direction), x is the 
horizontal strong 
trapping axis. The 
origin is the center of 
the condensate. 
Assumptions made in 
the calculation 
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Schrodinger equation), which approximates long durat ion, weak out-
coupling [58]. Because the outcoupHng is weak, we shall neglect changes 
to the condensate f rom the outcoupling process, including decreases 
in number. The approximations have been checked against a full 3D 
time dependent numberical simulation (done by Graham Dennis) which 
includes all these neglected effects. In addition, the electromagnetic out-
coupling fields (both RF and optical) are assumed to be plane waves, a 
good approximation on the length scale of the condensate (order 10 ^im) 
compared to the RF coil radius (order 1 cm) and Raman outcoupling 
laser beam waist (order 1 mm). 
3.1 I N S I D E T H E C O N D E N S A T E : C L A S S I C A L T R A J E C T O R I E S 
Inside the condensate, the WKB approximation is used. This is done 
by finding the classical trajectories of the atoms inside the condensate, 
f rom where they are produced to where they exit the condensate, and 
integrating the phase along that trajectory. The simulation assumes that 
atoms do not reenter the condensate once they have been outcoupled. 
This happens when atoms with low mass or in tightly confining traps, so 
that the gravitational sag is less than the condensate width, for example 
experiments with helium [59]. 
In the WKB approximation, the wavefunction on the edge of the con-
densate is related to that on the outcoupling surface by: 
d M 
E X P F ! / ' K - D R ] E X P ( / K O - R I ) I / / ( R J ) (3 .1) 
a(r, l \ Jc 
where, 
V is the atom laser wavefunction, 
r/ is a coordinate on the outcoupling surface, 
Tf is a coordinate on the edge of the condensate, 
c is the atomic trajectory which connects r; and tf 
k is the atomic wavenumber during the trajectory (p/fi). 
ko is the initial kick to the atom (in the case of Raman outcoupling). 





Region Near field: KirchofF-Fresnel Integral 
© f{r)= f dS'-[Gv'f-y/W'G] 
J s 
i 
Paraxial regime: A B C D matrices 
2 FA I. 
Region 
© {M'llf ^ [^x{z)f [Ahiz)f - C(z) 
Figure 3.1: Schematic of the simulation, showing the three regimes: inside the 
condensate, the near field, and the far field, where the three different techniques 
are used. 
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Thomas-Fermi 
approximation 
To find the wavefunction on the outcoupling surface, we need the con-
densate wavefunction fey because in the weak outcouphng hmit the atom 
laser wavefunction there is simply proportional to it: 
V/(r,) oc v/c(r,), (3.2) 
where the constant of proportionality is related to the outcoupling rate. 
The condensate wavefunction is simplest to find if the Jhomas-Fermi 
approximation is made. This involves taking the time independent non-
linear Schrodinger equation (also called the Gross-Pitaevskii (GP) equa-




- mgz + — | i / / c ( x ) | 
m 
(iij 
V/c(x) = (3.3) 
'•••n field 
in which is the chemical potential (energy per atom): 
(3.4) 
and where, 
a is the scattering length (5.77 nm), 
m is the mass (1.4095 x 10'^^ kg), 
g is the gravitational acceleration (9.8 m/s^), 
N is the condensate number (5 x 10^ atoms), 
0) is the strong trap frequency (2;r x 128 Hz), 
e is the trap aspect ratio (10). 
Using this approximation, one can solve for the condensate wavefunction: 
I / M 2 ^ 
Anh^a (3.5) 
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where V(x) is the gravitational, magnetic, and mean-field terms of the 
Hamiltonian. This can be usefully rewritten: 
V c ( x ) = 
I x^ + i y / e V + z^ 
(3.6) 
0, otherwise, 





Equation 3.6 is equivalent to 3.5, except for a constant factor which is 
not important (as discussed above). The Thomas-Fermi approximation 
is helpful because it gives an analytic expression for the condensate wave-
function and (as will be seen below) for the classical trajectories. It is a 
good approximation given the parameters of our experiment; the approx-
imation breaks down at a distance d from the edge: 
d = 
' h^R 
4m ^ I 
1/3 
(3.8) 
which \sd ^ 0.4 for our parameters, compared toR = 5.2 pm. Beyond 
this point, the density is not parabolic but decreases exponentially; the 
precise form needs to be calculated numerically [60]. 
There are two natural choices for origin of the reference frame: the 
center of the magnetic trap and the center of the condensate, which are 
separated by a distance z^ = g/w^ (often called the sag). They are natural 
choices because the total potential has rotational symmetry around the 
center of the magnetic trap, and the atomic density has rotational sym-
metry around the center of the condensate. In this chapter, the center of 
the condensate is chosen to be the origin of the reference frame, which 
makes the atomic trajectories slightly more complicated but simplifies 
the remainder of the calculation. 
The entire system has a high degree of translational symmetry along 
the weak axis of the trap (the y axis), with a trap aspect ratio e of 10. 
Because of this, it is sufficient to study the dynamics of the system in the 
x-z plane (see Figure 3.2). 
We can see that ignoring decreases in condensate number has only a 
slight affect, since ^ oc N^/^ a n d R o c N 
Outcoupling occurs on magnetic equipotential surfaces. This is because 




Choice of reference 
frame 
Weak trapping axis 
ignored 
Outcoupling surface 
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Magnetic bias field 
Bo 
y 
Figure 3.2: Geometry of the experiment, showing cross-section of the condensate 
along the two strongly confining directions. The condensate is cigar shaped, with 
an aspect ratio of 10 and with the long axis along the y direction. As the system 
has high degree of translation symmetry along that direction, only dynamics 
perpendicular to it need be considered. 
for the |F = I, nip ^ -I) condensate state, except for the magnetic trap 
terms. This is true regardless of the type of outcoupling used. These 
equipotential surfaces are ellipsoids, and in the relevant x-z plane they 
have a circular cross section whose radius roc depends on the frequency 
of the outcoupling field [8]: 
^OC - \ w \ m 
(3-9) 
where is the Bohr magneton, Bq is the magnetic bias field (2 G), and 
8 is the frequency of the field for RF outcoupling or the two-photon 
detuning for Raman outcoupling (less the detuning due to the momentum 
transfer, = hx 13 kHz). (For microwave outcoupling, or any 
outcoupling which changes hyperfine manifold, the hyperfine splitting 
(which is 6.8 GHz for ^^Rb) must be taken into account. Full details of 
the calculation, including second order Zeeman shift; corrections, can 
be found in many places, for example the thesis of Kai Dieckmann [61, 
page 9].) A schematic of the condensate, outcoupling surfaces, and atom 
trajectories is shown in Figure 3.3. 
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The potential that the atoms experience inside the condensate is: 
( x^ + ( z Z Y \ 1 — ^ 1 - mgz. (3.10) 
The trajectories in such a potential are: Classical trajectories 
x { t ) ^ XiCosh{a)t), (3.11) 
z ( t ) = (Zi + Zc) cosh (a ;0 + — s inh(a ;0 - z^. (3-i2) 
w 
where Vz^  is the velocity kick due to the photon recoil (in the case of 
Raman outcoupling). This depends upon the angle between the Raman 
lasers; the m a x i m u m two photon kick is v^ ,, = 1.1 cm/s. For RF out-
coupling, Vzg is neglible. 
The outcoupling surface and the Thomas-Fermi radius of the conden-
sate intersect at (Xim, Zim) (this is needed to find the limits of integeration 
for the Kirchoff-Fresnel integral in §3.2): 
^int - 2z? 
(3-13) 
( r l - R ' + z j ) , , 
Zin, = - 2c (3-14) 
For RF outcoupling, the trajectories are straight lines and therefore it 
is possible to use similar triangles to find a mapping from final position 
to initial position, and therefore find the escape time t^: 
te = — arccosh 
(0 
(z, + z , )z , + + \ 
' oc 
For Raman outcoupling, it is not trivial to find a mapping f rom initial 
to final position, as the trajectories are curved. We do this numerically: 
starting at an initial position, moving along the classical trajectory from 
that position, and varying the parameter t whilst numerically minimising 
the quantity x^ + - R^. 
The wavefunction f is separated into an amplitude and a phase: 
f = (3-16) 
where n = n{x, t) is the density and 0 = 0(x, t) is the phase. The deriva-
tive is therefore: ^ 
Vi//= (—-H iV(i6)t// (3-17) 
In 

















Figure 3.3: Geometry of the classical trajectories simulation, showing the mag-
netic trap center, gravitational sag z^, intial position r,, final position rj. The 
trajectory shown is for an RF outcoupled atom, and so it is a straight line from 
the center of the magnetic trap. The outcoupling resonances, for both RF and 
Raman outcoupling, occur along magnetic equipotentials, which in the plane 
considered here are circles centered on the magnetic trap. The radius of the 
outcoupling resonance is denoted TQC-
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For our experiment, ^ « V(f> and can be neglected. 
For the w k b approximation, the phase is the integral of the de Broglie 
wavelength along the classical trajectory: 
0 = j^k dr 




Doing this integral gives: 
' te s inh(2a ; f e ) ' 
+ V 
te s inh(2wfe) '\ 
20 (I 
The gradient of the phase is: 
4co 
m 
+ sinh(a)fe)^ (3-21) 
V 0 ( X , fe) = —V(X, t,) (3.22) 
We also need the Jacobian determinant, to know how an infinitesimal 
area in the outcoupling region maps to an infinitesimal area on the edge 
of the BEC. The Jacobian determinant is defined: 




We find the Jacobian by considering the trajectories o f the initial points 
Xi and Xi + dxr. 
Xf = Xi cosh(a;^) 
{xf + d x f ) = {Xi + dXi) cosh{cot), 
and subtracting one from the other gives: 
dXf = cosh{wt)dXj 
And similarly for z, and z, + rfz,: 





Phase of the 
wavefunction 
Jacobian determinant 





Transverse velocity ( m m / s ) Longitudinal velocity ( m m / s ) 




Raman ( m a x i m u m 2 photon kick) 
Angle 
Figure 3.4: Results of the classical trajectories simulation for the edge of the 
condensate. Note in the second row the smaller variation in both transverse 
and longitudinal escape velocity for Raman outcoupling - this is the principle 
reason for the improved spatial mode profile. 
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RF outcoupling R a m a n o u t c o u p l i n g 
Class ical t r a j ec to r i e s — v iew t h r o u g h c ross sec t ion . 
k ick 
3d v i e w of t ra jec tor ies . 
Figure 3.5: An intuitive explanation as to why the spatial mode of Raman atom 
lasers is superior to r f atom lasers. The momentum kick of the Raman transition 
ensures the mean field energy becomes kinetic energy f rom motion that is 
primari ly in one direction only (downward) , in contrast to mot ion through a 
range of directions as in r f outcoupling. 
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Note the mixed partial derivatives vanish, as the final x position does not 
depend on the inital z position, and vice versa: 
dZfjdXi = 0 and dXfjdZi = 0. (3-28) 
Combining the above equations gives the Jacobian determinant: 
| ^ = c o s h ( a . O ^ (3.29) 
For our parameters, o)te< 1, and therefore the Jacobian determinant is 
of order unity everywhere; if it is neglected, the final atom laser profile 
does not change substantially. 
The number density on the outcoupling surface in the Thomas-Fermi 
limit (up to a normalisation factor, which is neglected) is given by Equa-
tion 3-6: ^ 
= (3-30) 
Using all the above, the atom laser wavefunction and its gradient on the 
edge of the condensate (Equation 3.1) can be found. Explicitly, this is: 
V/(r/) = cosh(a; te)^exp(!0)exp(imv2„z ,/f i )y 1 - (3.31) 
where is given by Equation 3.21. The gradient of the wavefunction is: 
V V ( r / ) - v(r/)v/(r/). (3.32) 
3.2 O U T S I D E T H E C O N D E N S A T E : K I R C H O F F - F R E S N E L I N T E G R A L 
Outside the condensate, a Kirchoff-Fresnel integral is used to propagate 
the atom laser wavefunction, using the Green's function for the gravita-
tional potential. 
These integrals are a technique to solve a homogeneous differential 
equation of some function in a space, given values of the function and its 
gradient on the boundary of the space. The space we are solving for in 
this case is the entire region outside the condensate. The boundary of the 
space is the condensate itself (the previous section detailed how to find 
the boundary values there) and an imaginary surface at spatial infinity, 
where the atom laser wavefunction and its derivatives vanish. 
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The technique works in the following way. Let us imagine that there is 
some homogeneous equation that needs to be solved: 
f 0 = 0 (3.33) 
Where 0 = 0 (x) is a complex scalar field and F is an operator that acts 
of (p. If a function (called a Green's function) G = G(x, x ') can be found 
such that: 
F G ( x , x ' ) = 5 ( x - x ' ) , (3.34) 
then by knowing both 0 and V0 on a surface S which encloses some 
volume V, 0 may be found everywhere everywhere in V through the 
integral over the surface S: 
0(x) = ^ ^ ( i S ' - ( G V ' 0 - 0 V ' G ) (3.35) 
Note that it may be possible to find a function G such that G or VG is zero 
on some region of the boundary. In that case it is sufficient to know either 
V0 or 0 on that region. However, if both 0 and V0 are known, then such 
a special G is unneccessary and any function satisfying Equation 3.34 is 
sufficient. In this case, the operator F is: 




where E is the total energy, £ = + The Green's function for this 
homogeneous equation is [62, 63]: 





i? = | r - r ' | , (3-39) 
C i ( x ) = A i ( x ) + B i ( x ) (3.40) 
E z + z' \r-r'\ 
P = 7 + — T - ± ^ T " ^ (3-41) ^ mgl 21 21 
/ = k V • (3.42) 
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A i ( x ) and B i ( x ) denote Airy functions of the first and second kind, and 
the prime marks ' denote differentiation. A surface integral over the 
vector field v is done: 
(3.43) 
where 5 and t parametrise the surface S . In this case, the surface S is 
technically an elipsoid. However, since we are making the approximation 
that there is no dependence along the weak trapping axis, we shall make 
it a cylinder, assumed to be infinitely long. The cylinder is parametrised 
by the variables y and 6, and is the locus of all points x: 
x=(x,y,z) = {Rcos{e),y,Rsm{d)), 
6 e [61 ,92] and y e [ -00 , 00], 
(3-44) 
(3.45) 
where 9i and Oj are the angles to the intersection between the out-
coupling surface and the condensate, 9i = arctan(zint/xint) and 02 = 




/ v{x{9,y))-{Rcos9,0,Rsm9)dedy, (3.46) 00 Jdi 
where the integral over y is not done, since the integrand has no y depen-
dence. 
The gradient of the Green's function V G is: 
dx = Go X {x-x'). 
/ 1 




Gn = — G + -R^ 21 2 C i ' ( V ) A i ' ( - p - ) 
'z + z' 2E 
I mgl C i ( - p ^ ) A i ( - p - ) . (3.49) 
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3 .3 IN T H E P A R A X I A L R E G I M E 
The third region is where the atom laser has accelerated under gravity 
sufficiently to have entered the paraxial regime. In this regime, the quan-
tit)' M^ (discussed in § 2.3) can be calculated as it becomes a constant of 
propagation. In this section, I derive the equations of motion for the atom 
laser in the paraxial regime, show how the transverse dynamics can be 
separated from the longitudinal dynamics and reduced to the time depen-
dent ID Schrodinger equation. I show how to calculate the M^ value away 
from the waist of the atom laser beam. These derivations can be found 
in greater detail in many other places, for instance C. J. Borde [64], the 
thesis of Yann Le Coq [65] or J.-F. Riou (which also considers parabolic 
potentials, not just the linear graviational potential considered here) [53]. 
We start with the time independent 3D Schrodinger equation: 
H v ( r ) = £ v ( r ) - (3-50) 
where 
H = (3.51) 
2m 
Since we are ignoring the dynamics along the weak trapping axis y, deriva-
tives along this axes in the Hamiltonian are neglected: 
We separate the wavefunction into a longitudinal part % and a transverse 
part 1//^ : 
V/(x) - i//^(x)t////(z) (3-53) 
where V// satisfies the one dimensional equation 
When V is zero, the solutions to this are plane waves. In this case V = 
-mgz and the equation has the solution: 
where / = { h ^ j l m ^ g y ! ^ and Ai and Bi are Airy functions of the first and 
second kind. The constants Ci and Cj need to be found in each case from 
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the boundary conditions. An alternative way to express i//// is using the 
WKB method explicitly [66]: 
where Zq = - E / i m g ) is the classical turning point. With 1/7/ written in 
this way, it is simpler to show that the derivative is: 
dz 
Using these expressions, and assuming an envelope V± = (x, z) 
which is varies slowly along z, we obtain the paraxial equation of propa-
gation for the transverse profile [56, 65]: 
h^ , ft^ / 1 dpjz) ay/x a V i 
m dz 2m dx^ 2m \p{z) dz dz dz^ 
where p(z) is the classical momentum: 
{3.58) 
p{z) - ^2m(E-V{z)). (3.59) 
The paraxial approximation is made by neglecting the last two terms and 
reducing the equation to: 
m dz 2m dx^ 
To reduce this to the id Schrodinger equation, write z as a function of t, 
subject to the following constraint: 
dh dV , 
and use this to rewrite: 
dz dt dz dt p{z)' 
(3.62) 
Combining all of the above, it is possible to rewrite Equation 3.60 as the 
time dependent id Schrodinger equation: 
= (3.63) dt 2m dx^ 
3 - 4 ABCD M A T R I C E S A N D M 5I 
Such an equation can be expressed in the terms of Hermite-Gaussian 
polynomials, and so now we can make the connection to the gaussian 
optical beams discussed in §2.2. The lowest order Gaussian mode is: 




The connection between optical laser beams and atom laser beams be-
comes particularly clear when expressed in this way: 
beam amplitude (1// or £ ) oc exp (3.65) 
where 
a = z/zr, Zr = Wo^/tt/X 





Therefore, all the analysis and calculations of the signal-to-noise ratio 
for optical laser beams in §2.2 apply equally to atom laser beams. For 
example, the visibility as a function of transverse displacement V{d) is: 
(3.68) 
and is independent of propagation distance, the same as for optical gaus-
sian laser beams. 
3 . 4 ABCD M A T R I C E S A N D M ^ 
To map the position and width from t' to t, the abcd matrices are 
used [53]: , , 
x ( 0 
[pit)/h) 
A(r) B( r ) 
[C{t) D ( T ) 
x ( f ' ) 
\p{t')/h 
where t = t~t'. For free space, the abcd matrix is: 
A ( T ) B { t ) 
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These lead to a generalised second moment propagation law, which 
holds (in slightly different forms) for both light and atoms: 
w(zy = wl + M'x( ) {z-ZoY for light, (3.71) 
\7rwo/ 
/ h 
+ (t-toY for atoms. (3.72) 
^ ' " \2mwoJ 
The M^ is calculated: 
{M'/iy = iAx{z)y{Ak,iz)y - c ( ^ ) ^ (3.73) 
where Ax(z) is the beam width and C(z) is the curvature-beam width 
product [53]: 
3 . 5 T R A N S V E R S E V E L O C I T Y S P R E A D 
The classical trajectories model can be used to find the transverse velocity 
spread. This does not give the M^ however, because after a diverging lens 
the waist is virtual and located above condensate. As above, we neglect 
divergence along the weak trapping axis, and so we consider the atom laser 
in cross section, in the plane of the two strong trapping axes. This model 
is valid in the regime where the velocity kick is large, specifically when 
V20 » toR, where R is the Thomas-Fermi radius, and in the regime where 
the condensate sag is large, Zsag » R- T^e second condition allows us to 
approximate the outcoupling surface as a horizontal plane through the 
center of the condensate, (that is, the initial positions are Xq e [-R, +R 
and Zo = 0)-
Classically, an atom outcoupled at initial position Xq has a transverse 
velocity after leaving the condensate: 
Vxixo) = Xoa)sinh(a;?e) ^x^io^t,, (3.75) 
where te is the time for an atom to leave the condensate (the escape 
time). For a large kick, atoms travel in almost straight lines along the kick 
direction, so the escape time is the vertical distance to the condensate 
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edge, divided by the kick magnitude, te \/{R'-xl)/v,o. The mean 
field transverse velocity is calculated: 
/
R 
v ^ { x o y n { x o ) d x o , (3.76) R 
where 
is the linear number density across the out-coupling surface in the Thomas-
Fermi regime. The transverse velocity spread due to the mean field is 
therefore: 
Vzo v,o mv,o 

4 
M E A S U R E M E N T O F T H E S P A T I A L M O D E 
In this chapter, I describe a series of experiments on Raman atom lasers, 
which demonstrated their improved spatial mode compared to RF atom 
lasers. The results are compared to the theory of the previous chapter. 
A list of experimental 
parameters is in 
Table 4.1, on page 72. 
4.1 T H E A N U B E C M A C H I N E ( T H I R D G E N E R A T I O N ) 
The source of the atom laser is a Bose-Einstein condensate. This con-
densate is in produced in a machine designed by Nick Robins and 
Cristina Figl, and built by Nick Robins, Cristina Figl, Julien Dugue and 
myself between July 2005 and January 2007. Pictures of the machine can 
be seen in Figures 4.1, 4.2, and 4.3. It is the third generation of experi-
mental machine for producing BECS in our group. Details of the previous 
generations are contained in the PhD theses of Jessica Lye and Nick 
Robins [67, 68]. The design principles of this machine may be found in 
Nick Robins's thesis. I will briefly describe the operation of the machine 
here. It is based upon three different stages (see Figure 4.3): 
1 . A 2D MOT cools atoms f r o m r o o m temperature [ 6 9 - 7 2 ] . 
2. A 3D MOT in ultra high vacuum (UHV) is loaded from the 2D MOT 
by a near resonant laser beam which pushes cold atoms from one 
MOT to the other through a differential pumping stage. 
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. Ion p u m p T i -Subl imat ion p u m p 
3 D M O T 
Translat ion stage 
2 D M O T 
Q U i c t r a p . 
Figure 4.1: The experimental machine, designed by Nick Robins and Cristina 
Figl, and built by Nick Robins, Cristina Figl, Julien Dugue, and myself. 




Figure 4.2: Side, top, and front view of the experimental machine. 
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3. A quadrupole loffe configuration ( Q U I C ) magnetic trap creates 
a suitable harmonic potential for evaporating the atoms to Bose-
Einstein condensation [24, 73], and to avoid spin flip losses due 
to incomplete adiabatic following of the magnetic field for slow 
moving atoms [ 7 4 - 7 6 ] . It is loaded from the 3D MOT by magnetically 
trapping the atoms with the 30 MOT coils and moving these coils 
25 cm to the QUIC trap coils, then transferring the atoms from one 
trap to the other by increasing the current in one and decreasing 
current in the other [77, 78]. 
This machine produced condensates of around 5 x 10^ atoms 
when these spatial mode experiments were done. (For the pumping exper-
iments described in Chapter 8 this was increased by careful optimisation 
to almost 10^ atoms.) 
4.2 O U T C O U P L I N G : P R O D U C I N G T H E A T O M L A S E R 
The atom laser is produced by transferring the atoms to the untrapped 
|F = 1, mf = 0) state and letting them fall under gravity, a process called 
outcoupling. As discussed in the previous chapter, using an RF field to 
outcouple gives the atoms a negligible momentum kick (0.2 nm/s) . Using 
a two-photon Raman field gives a significant momentum kick (up to 
1.1 cm/s, depending on the angle between the Raman lasers). The setup 
is shown in Figure 4.4. Two optical Raman beams, separated by an angle 6, 
propagate in the plane of gravity and the magnetic trap bias field (i.e., the 
weak trap axis). The momentum transfer to the atoms through absorption 
and emission of the photons is 2hksm{d/2), with A: = 8 x 10® m^' the 
Raman laser beam wave number of the laser beams. The Raman laser beams are produced 
^etup from one 700 mW diode laser. We can turn the laser power on or off in 
less than 200 ns using a fast switching acousto-optic modulator (AOM) in 
a double pass configuration. After the switching AOM, the light is split and 
sent through two separate AOMS , again each in a double pass configuration. 
The frequency difference between the AOMS corresponds to the Zeeman 
plus kinetic energy difference between the initial and final states of the 
two-photon Raman transition. We stabilize the frequency difference by 
running the 80 MHz function generators driving the AOMS from a single 
oscillator. The beams are then coupled via single mode, polarization 
maintaining optical fibers directly to the BEC through a collimating lens 
and waveplate, providing a maximum intensity of 2500 mW/cm^ per 
beam at the BEC. The polarization of the beams is optimized to achieve 
maximum outcoupling with a downward kick and corresponds to n 
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Figure 4.3: A top down view of the vaccuum system and magnetic coils, il-
lustrating the experimental sequence. A 2D MOT (1) is loaded f rom rubidium 
dispensers. A laser beam pushes the atoms through a small aperture to an ultra 
high vacuum (UHV) chamber and into a 3D MOT (2). The atoms are polarisation 
gradient cooled, and the 3D MOT coils are used to magnetically trap the atoms. 
The coils are moved via a translation stage and the atoms transferred to the 
QUic trap coils (3). In this trap the atoms are cooled via force RF evaporation 
to BEG. Vaccuum chamber is in grey, magnetic coils in maroon, glass cells in 
blue and lasers in red. Inset: minature showing progression of atoms through 
experimental cycle. 
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Outcoupling resonance 
Second order Zeeman 
effect 
polarization for the upper beam and for the lower beam. Further 
details about Raman transitions, including calculations of outcoupling 
rates (Rabi frequencies), selection rules, and light shifts may be found in 
many sources, for example in Moy et al. [55]. 
The outcoupling resonance is set to the center of the BEC for both RF 
and Raman outcoupling, for reasons discussed in §2.5 on page 30. This 
could be done using Equation 3.9 and several independent measurements. 
In practice it is easier to find the resonance by performing spectroscopy 
on the BEC using 100 ms of weak output coupling at varying frequen-
cies, and measuring the number of atoms remaining in the condensate 
after the output coupling time [8]. A typical calibration curve is shown 
in Figure 4.5, in this case for RF outcoupling. We operate both RF and 
Raman output couplers at the point of maximum outcoupling rate. The 
RF frequency is almost the same as the Raman two photon detuning; 
the Raman detuning is smaller by the kinetic energy of the momentum 
recoil (i. e. = hx 13 kHz). We further check this frequency by 
ensuring that a continuous beam can still be produced when the initial 
condensate is very small, which can only happen when outcoupling from 
the center. 
We observe the system using standard absorption imaging [79] along 
the y (weak trapping) direction, on the f = 2 f = 3 transition, with a 
200 |is pulse of repumping light (F = 1 F ' = 2) 1 ms prior to imaging. 
From these images we are able to extract the RMS width of the atom laser 
as a function of fall distance (see Figure 4.6), which we use to calculate 
the M^ (details below). 
We ignore the effects of the magnetic field on the atom laser. The atom 
laser state \F = I, rrip = 0) is unaffected to first order by the magnetic field, 
but is weakly anti-trapped due to the second order Zeeman effect, with 
an effective trapping frequency of w^ nd = 27rr x 2.6 Hz. The transverse 
position of an atom in such a potential is 
x { t ) =xocosh(a),nj0 ^ XQ{\ + t o l ^ ^ f j l ) . (4.1) 
For the 1 mm (14 ms) propagation we consider here the transverse posi-
tion is affected by less than 3%. We also ignore the AC Stark effect of the 
Raman beams on the atom laser, because the intensity of the beams does 
not change significantly over the 1 mm propagation. 
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Figure 4.4: Experimental schematic (not to scale) showing the BEC, Raman lasers, 
and trapping coils. 
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A t o m s Remain ing 




1.36 1.37 1.38 1.39 
Coupl ing Frequency ( M H z ) 
Figure 4.5: RF spectroscopy to find the condensate center. The frequency dif-
ference of the Raman lasers was set to outcouple atoms from the center of the 
condensate, which was found by measuring the number of atoms remaining 
after 100 ms of weak RF outcoupling. The operating frequency (or outcoupling 
frequency) of 1.374 M H z is indicated on the plot; the solid line is to guide the 
eye. Outcoupling from the center is equivalent (in the notation of the theory 
chapter §3) to setting the outcoupling radius roc equal to the gravitational sag Zc. 
The error bars are based upon the typical standard deviation; most frequencies 
were measured only once. 
4 - 2 O U T C O U P L I N G : P R O D U C I N G T H E A T O M LASER 63 
Width (rms) of profile ([im) 
Raman (6=140') 
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Figure 4.6: The RMS b eam width A x ( z ) for RF and Raman a tom lasers. The 
dots represent experimental measurements and the solid curves our theoretical 
predic t ions . The expansion of the condensa te in the TOF image prevented ob-
servation of the a tom laser at distances less than 300 |im below the condensate 
center. Note that the two widest atom lasers are expanding faster than predicted 
by the theo ry at large dis tances f r o m the condensate . This may be due to the 
influence of the second order Zeeman effect: the wider the atom laser the greater 
its effect. 
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4 . 3 T R A P F R E Q U E N C Y 
To measure the M^ value requires measurement of the trap f requency 
w. We initially tried to do this using a slowly oscillating electromagnetic 
field to induce parametric heating. In this process, the trap frequency is 
modulated at frequency O = 2a), which causes the energy of the system 
to grow exponentially. We per formed this with a simple coil outside 
the vacuum system and driving it at a f requency of 200-300 Hz, since 
modeling of the trap predicted a frequency of O) = 140 Hz. We did not 
observe parametric heating, however. We did observe slight heating 
around 120-140 Hz. In the end, we used the RF field to excite oscillations 
of the condensate in the trap. We ran the field at a round 130 Hz for 
around 100 ms, and then turned the field off, allowing the condensate 
to oscillate in the trap for a variable period of time, then turning off the 
traps and taking an absorption image after 20 ms expansion time. The 
absorption images were integrated along the horizontal direction: 
piy^t) = Y,p{x,y,t), (4-2) 
and then the mean vertical position was found through: 
W O ) - (4-3) 
V y / \ y 
The resulting {y{t)) was fit to a sinusoidal funct ion via a non-l inear 
recursive algorithm, to find the trap frequency w = 2n x (128 ± 3) Hz. 
The data and the fit may be seen in Figure 4.7. 
4 . 4 A N A L Y S I S O F R E S U L T S 
Calculating the quality factor M^ of the atom laser directly f rom Equa-
tion (2.27) requires measurement of the beam width at the waist AXQ. 
Because the BEC acts as a diverging lens on the atom laser, the beam waist 
is virtual and located above the BEC, and so it is not possible to measure 
the beam quality M^ using Equation 2.27 only. For our simulations, M^ is 
calculated equivalently from the wavefunction i//(x, y, z) at some height 
Z below the BEC in which the atom laser has reached the paraxial regime: 
{ M y 2 y = { A x { z ) ) \ A k A z ) r - C { z ) \ (4.4) 
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Position (|im) 
- 1 0 0 -
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Figure 4.7: Trap frequency measurements. The fit to the data is in red, and 
gives the trap frequency as being w = 27T x (128 ± 3) Hz. The weak trapping 
frequency w,. = 2;t x 12 Hz is derived from this frequency, from a previous 
measure of the aspect ratio when F = 2 atoms were used. The error bars are 
based upon the typical standard deviation for a measurement; most oscillation 
times were only measured once. 
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where Ax(z) is beam width and C(z) is the curvature-beam width prod-
In practice it is difficult to measure the wavefunction phase, and hence 
C(z). However, the beam width (in the paraxial regime) obeys: 
= + (4.6) 
where t„ is the time when the beam is at its waist, and AXQ is the beam 
waist. In principle M^ may be determined simply f rom measurements 
of the beam width at different heights. In our experiment, we can only 
measure the beam width in the far field, at distances greater than 300 ^m 
below the condensate (observation at distances less than 300 ^m are 
prevented by the condensate expansion after trap switchoff.) In the far 
field the second term of Equation 4.6 dominates, and so only the velocity 
spread can be measured. Therefore we calculate AXQ and from the 
model, tw ^ m C { z ) / { l i A k l ) , with negative since the waist is virtual 
and located above the BEC, and C(z) calculated from the theoretical 
wavefunction using Equation 4.5. We then fit to the experimental data to 
find AVx-
Figure 4.9 shows the theoretical and experimental results. As the mo-
mentum kick increases, the beam quality is improved and the divergence 
is reduced. For our parameters, we find that for an RF atom laser M^ = 2.2, 
and for a Raman atom laser M^ = 1.4 with the maximum two photon 
kick. As the kick increases, M^ continues to improve, and approaches 
but does not reach the Heisenberg limit of one. It asymptotes to a limit 
slightly above that, which for our parameters is equal to 1.3. In this regime 
of large kick, the interaction of the outcoupled atoms with the conden-
sate becomes negligible, and the transverse atom laser wavefunction is 
approximately the free space evolution of the condensate wavefunction 
(along the outcoupling surface). It is therefore limited by the non-ideal 
(non-Gaussian) condensate wavefunction itself We calculate the product 
AxApx for the condensate wavefunction (taken through the central hori-
zontal plane of the condensate) to be 1.3. We have therefore improved 
the beam quality M^ by 40 percent from the RF outcoupled case, down 
to a factor of 1.4 above the Heisenberg limit. 
Improvement in tightly In addition, our simulations show that (using the same maximum 
confining traps two photon kick) it is possible to reach the condensate limit even for 
much tighter trapping potentials. In Figure 4.10, we show the results 
of simulations for increasing trap frequencies, up to a» = 2;r x 300 Hz. 
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Figure 4.8: Top: Sequence of atom laser beams showing the improved beam 
profile of a Raman atom laser. The atom laser beams were produced using RF 
(a) and Raman (b and c) transitions. The angle between the Raman beams (see 
Figure 4.4) was 0 = 30° in (b) and 0 = 140° in (c), corresponding to a kick of 
O.Sfik (0.3 cm/s and \.9hk (1.1 cm/s) respectively. The outcoupling rate differs 
between each atom laser. Below: Comparison of experimental (second row, in 
red) and theoretical (bottom row, in black) beam profiles 500 pm below the 
BEC. The theoretical profiles have been calculated using the method described 
in Chapter 3. The height of each profile is the only free parameter, and has been 
scaled to match the experimental data. The fringes that can be observed in the 
condensates are an imaging artifact (the CCD cover plate acts as an etalon for 
the coherent imaging light). 




As the trap frequency increases, the M^ worsens, up to M^ = 14 for RF 
outcoupling from a 2n x 300 Hz trap. For the maximum Raman two 
photon kick, the increase is only to M^ = 1.7 for the same 2n x 300 Hz 
trap. Only for traps of less than 2;! x 50 Hz is the beam quality of an RF 
atom laser within 5 percent of that of a Raman atom laser. 
As discussed previously, it is difficult to relate the M^ directly to the 
signal-to-noise ratio of a measurement. In Chapter 2, the specific example 
of a measurement dominated by transverse displacements was discussed. 
It was found that the crucial parameter in this case was d^V/dd^. Fig-
ure 4.11 shows the calculated d^V/dd^ as a function of momentum kick. 
In an interferometric measurement with high flux atom lasers (noise lim-
ited by transverse displacements), the Raman atom laser with maximum 
two photon kick would have a signal-noise-ratio five times greater than 
an RF atom laser. 
Beam Qualit^^ Factor M^ 
1 2 
Atom Recoil Momentum 
(units of hk) 
Figure 4.9: Calculated and measured quality factor M^ of an atom laser. The 
dots are the experimental measurements, and the solid line is the theoretical 
prediction. The confidence interval due to the fitting is approximately the size 
of the dots; there may be systematic errors including the second order Zeeman 
effect affecting the results. 
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This technique could be improved in several ways. Increasing the mo-
mentum kick only improves the spatial profile to the condensate limit; 
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Beam Quality Factor M^ 
15 
10 
Large predicted improvement for 
large trap frequencies 
Small predicted improvement for 
small trap frequencies ^ 
I 
100 200 
Trap Frequency {In Hz) 
300 
Figure 4.10: The calculated beam propagation factor M^ as a funct ion of trapping 
f requency for an RF a tom laser (dashed line), and Raman a tom lasers with 
kick Q.Shk (0.3 cm/s ) (dot ted line), and (1.1 cm/s ) (solid line). All o ther 
pa ramete r s were identical to o u r exper iment , including condensa te n u m b e r 
N = 5 X 10'' a toms and aspect ratio w/a)^ = 10. Note that the improvement for 
Raman atom lasers is greater for large trap frequencies. 
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1 2 
M o m e n t u m kick (hk) 
Figure 4.11: Calculated d^V/dd^ (second partial derivative of fringe visibility V 
with respect to transverse misalignment x of interfering beams), as a function 
of momentum kick hk for the parameters of this experiment. (This directly 
influences the signal-to-noise ratio of a measurement, see §2.2 for details). The 
dotted line shows the calculated d^V/dd^ of the Thomas-Fermi wavefunction 
(given by Equation 3.6 with our parameters R = 5 |im, e = 10). 
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the maximum two photon is sufficient for our experiment (we measure 
M^ = 1.4 compared to the infinite kick limit of M^ = 1.3) but for tighter 
traps a larger momentum kick will be necessary. These could be done by 
combining Bragg and Raman transitions [80] or indeed any technique 
to selectively accelerate the atom laser out of the condensate: for exam-
ple, one could outcouple to magnetically sensitive Zeeman states from 
an mp = 0 condensate in an optical trap and using magnetic fields to 
accelerate the atom laser away. To go beyond the condensate limit will 
likely require removing the mean field interaction altogether with aid of 
a Feschbach resonance [81]. For example, Fattori et al. have reported re-
duction of the scattering length in a ^'K condensate from the background 
value -33flo (1-7 nm) to O.lflo (5.3 pm) [82]. 
There are other possible improvements as well. Theoretical work by 
Robins et al., Dugue et al., and Xia et al. have shown that the presence 
of additional states that can be coupled to by the outcoupling field cause 
significant classical noise; this noise is not present when only the BEC 
state and the atom laser state are coupled [83-85]. For the atom laser 
considered here (F = 1) there is one additional state, mp = +1. For 
F = 2, there are three additional states (mp = - i - l , - l , - 2 ) . Two state 
atom laser systems have been achieved by Ottl et al. using microwave 
outcoupling from the BEC in F = 1 to an atom laser in F = 2 [86]. However, 
microwave outcoupling gives the same spatial profile as RF outcoupling 
because again the momentum kick is negligible. One could use two 
photon Raman transitions to connect the two states and receive the 
benefits of both. Preliminary results on this have now been achieved by 
J. Debs and D. Doring in our group (to be published). 
Removing the mean 
field interaction 
Two state atom lasers 
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Q U A N T I T Y V A L U E S Y M B O L 
Photon recoil atom velocity 5 m m / s Vo 
Photon recoil wavenumber 8 X 10® m ' k 
Chemical potential h X 1.8 kHz 
Thomas-Fermi radius 5 [im R 
Gravitational sag 15 [am Zc 
Scattering length 5.77 nm a 
Raman beam intensity 2500 mW/cm2 
Raman single photon detuning 300 GHz A 
Effective two photon Rabi frequency 100-1000 Hz Qeff 
Outcoupling frequency 1.374 MHz 
Outcoupling radius 15 [im roc 
Raman beam polarisation 
downward propagating n 
upward propagating (7+ 
Magnetic quadrupole trap gradient 200 G/cm 
Tight trapping frequency 2n X 128 Hz (0 
Weak trapping frequency 2nx 12 Hz iOy 
Trap aspect ratio 10 e 
Second order Zeeman shift trapping fre- Ini X 2.6 Hz (i^ind 
quency 
Magnetic bias field 2.0 G Bo 
Imaging detuning - (resonance) 
Pixel size (at position of atoms) 2.8 [im 
Pixel size (on camera) 16 [im 
BEC a t o m n u m b e r 5 X 10^ atoms Nc 
BEC i n t e r n a l s t a t e | F= l , m f - - l ) |1) 
Atom laser internal state \F= l , m f - 0 ) |2) 
Table 4.1: Selected parameters for Raman atom laser experiment. 
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A B O U T G U I D E D A T O M L A S E R S 
This chapter is about atom lasers propagating inside wave guides. 
This work was done between October 2007 and April 2008 in the Lab-
oratoire Kastler Brossel (LKB), located at the Ecole Normale Superieure 
(ENS) in Paris, in the group of David Guery-Odelin. During this time we 
produced guided atom lasers with ^^Rb, and we produced the first spinor 
guided atom laser: that is, an atom laser which contains many different 
spin states in the same beam. 
In the previous chapters, I have discussed atom lasers propagating in 
free space: their advantages, disadvantages, methods of production and 
techniques to improve them. In this chapter I do the same for atom lasers 
propagating in a guide. The waveguide used in these experiments was 
an optical guide. This is a beam of light that confines atoms along the 
intensity maximum, because its wavelength is longer than the wavelength 
of an atomic resonance. Most of the discussion, however, applies to any 
guide formed by any suitable potential. 
Convention for this 
chapter: z is guide axis, 
y is down, x is fixed by 
the other two to be 
horizontal and 
perpendicular to the 
guide. The quantisation 
axis for angular 
momentum is always 
chosen relative to the 
magnetic field direction, 
so that 
|F = l,mf = - 1 ) is the 
low field seeker. 
5.1 T H E O R E T I C A L F O R M A L I S M 
By a guided atom laser, I mean that there is a potential field which confines 
the atom laser in two dimensions. This field is constant in value (or 
approximately so) along the propagation direction, so that the motion of 
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the atoms is unimpeded along the guide. An example of such a potential 
field would be a 2d harmonic potential: 
V { x ) ^ ^ m { c o l x ^ + c o l y ^ ) (5.1) 
Such a potential is separable, and admits solutions of the form: 
(/)(x) = (5.2) 
where (l)^  and (fiy are solutions of the id harmonic oscillator potential, 
and similarly for (l>y{y). The precise potential for our experiments was 
the intensity profile of a gaussian beam, which is well approximated by 
the harmonic potential above in a small region around the center of the 
beam (see §7.2 on page 92 for more details). 
Advantages and Many advantages to a guide for an atom laser are similar to a guide for 
disadvantages an optical laser: that stationary modes of propagation for the transverse 
modes may be found, which remove the problem of divergence and 
the changing of mode structure. For atom lasers, a guide also has the 
advantage that it can support the atoms in a gravitational field so that 
they do not fall. This is a significant technical problem for free space atom 
lasers, since the velocity increases linearly in time and the de Broglie 
wavelength (which is inversely proportional to the velocity) becomes 
smaller and smaller. This quickly becomes a problem: after 1 s of free 
fall the de Broglie wavelength is 0.5 nm (for Rubidium), which is already 
several orders of magnitude smaller than can be directly observed with 
absorption imaging. With a horizontal waveguide, acceleration of the 
atom laser can be reduced - to date, a reduction to 0.07 ± 0.06 m/s^ has 
been reported [87]. 
There are disadvantages to using wave guides in a precision measure-
ment. Fluctuations in the guide itself (position, size, shape, and so on) 
affect the atom laser, and create noise on any measurement performed. 
Atoms freely falling do not suffer from this problem, and act as a su-
perb reference to make measurements against. For this reason, precision 
measurements with atoms (thermal beams) have so far been done in 
free space [88]. Of course, this is a technical problem, not an intrinsic 
problem, and it can in principle be solved. 
In the previous chapter, I examined the importance of spatial mode 
for free space atom lasers. For guided atom lasers, this is also important 
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and for precisely the same reason. The figure of merit for a guided atom 
laser is the mean excitation number {n). It is equivalent to the beam 
propagation factor M^ for free space atom lasers, which was discussed in 
Chapter 2 of this thesis. The quantity {n) is defined in the usual way for 
the expectation value of a Hermitian operator: 
= ; = 0 , 1 , 2 , . . . , (5.4) 
j 
where |j) are the energy eigenvalues of the guide potential. Figure 5.1 
demonstrates the principle of (n), showing a hypothetical guided atom 
laser spectroscopy in one transverse dimension. Of course, in reality the 
guide has two transverse dimensions. In our experiment, we could only 
view the atom laser along one direction perpendicular to the guide (being 
the vertical direction). For simplicity, we therefore assumed rotational 
symmetry of the guide, since we measured the horizontal beam to be 
approximately circular, with an aspect ratio of typically 1.0-1.2. The 
variation occurred because of dust buildup on the optics, which imprinted 
a random, non-uniform and non-linear phase shift that was significant 
at the high powers used (see Figure 6.5 on page 86). 
Spatial mode 
5.2 C O N T E X T 
The first experiment (and, to date, the only other experiment) to produce 
a guided atom laser was done by Guerin et al. in the group of Phillipe 
Bouyer and Alain Aspect at the Laboratoire Charles Fabry (LCF) in Orsay 
(now Palaiseau) [ 8 7 , 8 9 ] . They first condensed magnetically trapped mp = 
- 1 atoms inside a hybrid optomagnetic trap, a superposition of loffe-
Pritchard trap and horizontal optical waveguide, and then used a radio 
frequency (RF) transition to outcouple the atom laser into the guide. The 
second order Zeeman effect of their magnetic trap was used to cancel the 
curvature of the optical guide potential, so that the de Broglie wavelength 
of the atom laser remained roughly constant over the 1 mm propagation 
distance. Some differences between the experiments at Orsay and ENS 
are given in Table 5.1. The Orsay experiment has since measured the 
transmission of atoms through a partially reflecting mirror in the guide 
(formed by a separate blue detuned laser beam), with the goal of building a 
Fabry-Perot cavity for atoms [90]. Recently they have observed Anderson 
localisation inside the guide [91]. 
A laser needs a resonator a cavity, a gain medium, and an outcoupler. 
Inside the resonator is a large population inside one cavity mode. For an 
Laboratoire Charles 
Fabry guided atom 
laser 
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Figure 5.1: Hypothet i ca l s p e c t r o s c o p y o f a guided a t o m laser ( a l o n g o n e t rans -
verse dimension) , to illustrate the c o n c e p t o f m e a n exci tat ion n u m b e r ( n ) . The 
area of each circle c o r r e s p o n d s to the populat ion in that state, being |cop = 0 . 6 , 
|cip = 0 . 3 , |c2p = 0 . 0 8 , |c3p = 0 . 0 2 , a n d giving ( « > = 0 . 5 2 . T h e p o p u l a t i o n s in 
each state are only shown for illustrative purposes , since in the e x p e r i m e n t only 
( « ) c a n be measured . 
optical laser, this is a highly excited mode. For an atom laser, this mode 
is the ground state of the trap'. For an optical laser, the resonator is the 
cavity (e.g., partially reflecting mirrors or similar). 
The first optical trapping of atoms was reported by Chu et al., in 
1986 [92]. They used a single gaussian laser beam to trap around 500 atoms 
at around 1 mK. The first all-optical Bose-Einstein condensate (BEC) (that 
is, transferring atoms from a magneto-optical trap (MOT) to an optical 
trap with no intermediate magnetic trap stage) was reported by Barrett 
et a l , in the group of Mark Chapman at the Georgia Institute of Tech-
nology. They used two intersecting beams from a CO2 laser at 10.6 |im 
wavelength to produce a condensate of 3 x 10"^  atoms [93, 94]. The first 
optical atom laser (that is, outcoupling an atom laser by reducing the 
power in an optical trap) was reported by Anderson et al. in the group of 
Mark Kasevich at Yale (now Stanford) [95]. They held Bose-condensed 
1 It is not essential that the mode be the ground state of the trap for an atom laser. The 
ground state is the only one that may be macroscopically populated by Bose-Einstein 
condensation, but after that process is complete the condensate could be transferred to 
an excited state of the trap and kept there. 
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P R O P E R T Y L C F L K B 
Mean excitation number ( « ) 2 . 2 ± 0 . 1 0.65 ± 0 . 0 5 
Flux (atom/s) 5 x 105 4 X 105 
Guide frequency (Hz) 2n X 360 2n X 245 
Propagation distance (mm) L 5 4 
Propagation time (s) 0.1 0.5 
Longitudinal velocity spread Small t) Large t') 
Uses state-changing outcoupling Yes ( R F ) No 
Zeeman states of atom laser mp^O All 
Table 5.1: Comparison of the guided atom lasers produced at the Laboratoire 
Charles Fabry (LCF) in Orsay and the Laboratoire Kastler Brossel (LKB) at ENS. 
atoms at multiple anti-nodes of a vertical optical standing wave, with the 
atoms tunnelling through to form a coherent pulsed beam. 
The first quasicontinuous optical atom laser was reported by Cennini 
et al., in the group of Martin Weitz at Tubingen. Their experiment used a 
single trapping beam: with a small waist of 27 jim and the small Raleigh 
length from the CO2 laser, they had longitudinal confinement sufficient 
to condense in a single beam trap. The beam profile of their atom laser 
was very high quality (essentially equal to the Thomas-Fermi profile of 
the condensate) for the same reason as was the LKB guided atom laser: 
the non-state changing outcoupling extracts atoms from the edge of the 
condensate, avoiding the effect of the mean field divergence [51, 96]. 
Magnetic outcoupling of an optical BEC has been reported by Lundblad 
et al. in the group of Lute Maleki at the Jet Propulsion Laboratory (JPL) 
in CalTech [97, 98]. They prepared an all optical condensate mmp = 0 
using the spin distillation technique, and used magnetic outcoupling to 
produce free space beams that were not guided. 
Other experiments on guided atomic beams include : 
. Evaporative cooling of atoms in a magnetic guide has been re-
ported by the group of David Guery-Odelin at ENS, using several 
techniques: microwave transitions, a material surface, and a train of 
moving magnetic traps [99-101]. The quantum degenerate regime 
has not yet been reached. 
. A BEC inside a blue detuned Laguerre-Gaussian donut laser beam 
has been reported by Bongs et al., in the group of Wolfgang Ertmer 
at Hannover [102]. This is arguably another guided atom laser, in 
the same sense that a releasing a BEC from a trap creates a single 
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pulse atom laser, analogous to cavity dumping in a photon laser [6, 
79] . 
« On atom chips, magnetic guiding of cold atoms has been reported 
by Key et al. in the group of Ed Hinds at Imperial College London, 
by Leanhardt et al. in the group of David Pritchard at MIX, and by 
Dekker et al. in the group of Mara Prentiss at Harvard [103-105]. 
• Guiding of atoms in hollow-core optical fibers has been reported 
by Renn et al., in the group of Eric Cornell at J I L A [106]. 
These experiments are all in the proof-of-principle stage, but they show 
the increasing degree of control built in many different geometries and 
with many different confining potentials, each suited to a particular task. 
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6 . 1 T H E E X P E R I M E N T 
The source of the atom laser for these experiments was a Bose-Einstein 
condensate (BEC), as in the previous section. The condensate was pro-
duced in a trap formed by the crossing of two laser beams, as shown 
in Figure 6.1, with wavelength of Atr = 1.072 [im. This is larger than the 
wavelength of the strongest atomic resonance (780 nm) and so the atoms 
are trapped at the intensity maximum. The two beams did not interfere 
to form an optical grating, because the laser had a linewidth of I nm, and 
hence a tiny 1 mm coherence length, much smaller than the (roughly) 
30 cm difference in beam path lengths. Also, the frequency difference 
between them was set at 80 MHz by an acousto-optic modulator (AOM), 
and so any interference pattern would be moving with velocity ViAf X !>i 
4 0 m / s [ 107] . 
I will briefly give the details of condensate production here. The source 
of cold atoms for the experiment is a Zeeman slower, which loads a 2D 
MOT to 10' atoms in 1 s, with the long axis of the 2D MOT along the hori-
zontal beam. The MOT position is optimised by adjusting the current in 
the four independent coils. The power in each MOT beam was actively 
stabilised by using a polarising beam splitter to divert a small part of 
the power to a photodiode, after the single-mode polarisation maintain-
ing optical fiber. The photodiode signal was fed back to an AOM before 
the fiber. This reduced the sensitivity to power fluctuations, and also to 
A summary of 
experimental 
parameters is at the 
end of the section, in 
Table 7.1 on page 103 
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(a) Experimental schematic, showing optical trap laser beams and magnetic 
coils (not to scale). The horizontal coils, used to outcouple the atom laser, are 
not shown. 
"Horizontal" beam 
/ / NT 
(b) Absorption image of atoms released from the trap, after 1 ms free expansion. 
The field of view is 3 m m across. 
Figure 6.i: The cross dipole optical trap. 
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(a) Conventional MOT (b) Dark line MOT 
Figure 6.2: Gaining atoms with a dark line MOT. Fluorescence images of the MOT 
(a) and dark line MOT (b) (expanding molasses shown). The dark vertical band 
in (b) contains a high density of atoms in the f = 1 ground state which does 
not absorb the cooling lasers. It is caused by a 2 mm wide object which partially 
masks the (vertically propagating) repump beam, which would otherwise return 
them to the F = 2 state. This technique more than doubled the number of atoms 
loaded into the optical trap. The large faint circle in the background is a reflection 
from the vacuum chamber. 
f luctuations of the input polarisation to the fiber, which became power 
fluctuations after a polarising beam splitter before the chamber. 
A dark line MOT stage was run for 200 ms (see Figure 6.2), in which a 
long opaque object 2 m m wide partially masked the center of the (ver-
tically propagating) repump beam [108,109]; this object was imaged to 
the optical trap using a standard 4 / imaging system. The lack of repump 
light produced a high density of atoms in the F = 1 ground state, which is 
dark (i.e. non-absorbing) because it is 6.8 GHz detuned from the cooling 
lasers. These atoms did not scatter MOT cooling light and hence did not 
contribute to the radiation pressure, which is what limits the density of a 
MOT in the high atom number regime. Using this technique we were able 
to m o r e than double the n u m b e r of a toms loaded into the optical trap. 
We experimented between having the optical trap turned on throughout 
the MOT loading, and tur ing the it on after the loading, but it made no 
difference which me thod was used. 
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following the model of O'Hara et al. (2001) [110]. According to this model, 
the power in the horizontal beam P^ is reduced as: 
P h ( 0 = n ( 0 ) ( l + ^ ) ^ (6.1) 
The values of the scaling constants which worked well for our experiment 
were a = 1.6 s and = 4.2 and Ph(0) = 20 W. The purpose of this 
ramp is maintain a constant ratio between trap depth and temperature 
(a constant rj = U / { k T ) ) , which determines the speed and efficiency of 
the evaporative cooling. (Efficient evaporative cooling is when few atoms 
are lost for the same gain in phase space density.) High t] is slow and 
efficient, low rj is fast and inefficient. Of course, other causes of loss may 
exist and compete with the evaporation processes. In our experiment, 
using rj 5 gave the greatest atom number. It was possible to condense 
using a sequence of five linear evaporation stages, but with about half the 
final atom number compared to the above method. A plot of the power 
during the evaporation is shown in Figure 6.3. For the vertical beam, 
the evaporation was similar, although higher in initial power and with 
an offset to maintain a high trap frequency during the evaporation. It 
followed: 
Pv(0 = 1 0 x P h ( 0 + 2 W . (6.2) 
After 3-4 seconds of evaporation, we produced a condensate of around 
one hundred thousand atoms. Figure 6.4 shows a typical absorption 
image and profile of the BEC. From start to end, the entire duty cycle 
was less than 6 seconds. It was necessary to adjust the parameters of the 
evaporation daily, as the shape and size of the beams would change due 
to the accumulation of dust on the optics (see Figure 6.5). 
Imaging technique To make quantitative measurements of the atomic column density, 
standard absorption imaging (also known as " shadow" imaging) was 
used. The details on this technique can be found in (for example) Ketterle 
et al. (1999) [79, page 34]. 
6 . 2 P R O D U C I N G C O N D E N S A T E S I N A N Y S P I N S T A T E 
Ordinarily, evaporative cooling produced a spinor condensate, with equal 
mixtures of all three Zeeman state. All are equally well confined in the op-
tical trap and equal numbers of each are initially loaded (see Figure 6.10). 
We used such condensates to make spinor atom lasers (that is, atom lasers 
which contain all three spin states—see §7.4). 
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10 r Power (W) 
- t{s) 
Figure 6.3: Evaporation ramp of laser power. 
100 | im 
Figure 6.4: All optically produced Bose-Einstein condensate of 2 x 10^ atoms, 
after 20 ms free expansion. 
86 C O N D E N S A T E S IN A N O P T I C A L T R A P 




(a) Vertical laser beam profiles. 
(b) One atom cloud. (c) Two atom clouds. 
Figure 6.5: Images of the vertical beam intensity profile (a) affected by the 
accumulation of dust on the optics, and the resulting phase shifts which are 
non-linear in beam intensity This caused the usual single cloud of cold atoms 
produced (b) to become two separate clouds of cold atoms (c), which could not 
be Bose condensed. The build up of dust required cleaning approximately every 
two weeks. 
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We also used a technique to produce condensates in any one pure 
spin state. This technique we called spin distillation, in analogy to the 
distillation of spirits, which purifies a mixture by removing unwanted 
components. During evaporative cooling, we used a single magnetic coil 
to produce a gradient in the magnetic field amplitude |B|, and hence a 
force on the atoms due to the Zeeman effect. At the location of the atoms, 
this force is directed almost entirely along the axis of whichever coil is 
being used. Purification to one trip state occurs because, when the force 
is applied during evaporation, the trap is less deep for the other mp states, 
and they are evaporated first [19, 20]. For example, to purify nif = 0, we 
use a gradient which is horizontal and perpendicular to the guide. This 
gradient forces the other mp states out of the trap, attracting the rup - - I 
towards the coil and repelling the mp = + l (see Figure 6.6 (a)). To purify 
rrip - - I,-we used a vertical gradient, which partially cancels the effect 
of gravity for mp = - 1 , has little effect on nip = 0, and increases the 
effect of gravity for mp = +1 (see Figure 6.6 (b)). To purify rUp = +1, we 
used the same technique as mp = - 1 but with a coil above the chamber 
rather than below. This method is simple and robust: simple, because it 
Gravity 
(a) Horizontal gradient. (b) Vertical gradient. 
Figure 6.6: Potentials for the three different spin states during a spin distillation 
process. 
requires only one external coil, which in our case was an existing coil 
used for the MOT; and robust, because the gradient can be made stronger 
than strictly necessary, so that unwanted spins are removed well before 
evaporation is finished, and in this case fluctuations are minimised. Such a 
distillation scheme was also used by Cennini et al., in the group of Martin 
Weitz at Tiibingen and Chang et a l , in the group of Mark Chapman at 
Georgia [51, 96,111,112]. The results are shown in figures 6.7, 6.9 . 
An extension of this method was used to optimise the crossing of the 
two beams. The procedure for mp = 0 distillation was used (perpendicular 
Crossing the beams 
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horizontal gradient) but by stopping the evaporation early and using the 
Stern-Gerlach field during the time of flight (TOF) expansion. When we 
saw two small clouds of equal size for mp = - I and +1, and one larger 
cloud of mp = 0, then we knew the beams were well crossed. When the 
largest cloud was either Wp = - 1 or +1, then the crossing needed to be 
optimised. The fine adjustment for this was done with a mirror mounted 
on two piezo-electric crystals, and by adjusting the voltage across either 
one. 




a o < 
50 100 
Current (A) 
Figure 6.7: Distillation of Wf = 0 by a horizontal magnetic gradient. This gra-
dient was created by single electromagnetic coil, located outside the vacuum 
chamber, with a horizontal coil axis perpendicular to the plane spanned by the 
two trapping lasers. This magnetic gradient produces the potentials shown in 
Figure 6.6 (a). This trap depth for mp = - 1 and mp = +\ are reduced, and are 
preferentially evaporated, leaving mp = 0. 
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Figure 6.8: Dynamics ofmp = 0 distillation with a 160 G / c m horizontal gradient 
(corresponding to the data points at 160 G / c m in Figure 6.7). Note how only at 
the end of the evapora t ion (when the t rap f requencies are sufficiently low) are 
the unwan ted spins removed. It was not possible to observe the evaporat ion at 
t imes less t han 2 s, as the expans ion of the three (hot) t he rma l clouds was too 
quick for the Stern-Gerlach field to separate them before they fell out of view. 
50 100 
C u r r e n t (A) 
Figure 6.9: Distillation of mf = - 1 by a vertical magnet ic gradient . 
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Figure 6.io: Evaporation dynamics with no magnetic field. Note in the lower 
figure, that the proportion in each spin state is constant during the evaporation. 
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In this chapter, I describe the experiments on the atom laser in the optical 
waveguide, quantifying the spatial mode by measurement of the mean 
excitation number («). 
7 . 1 O P T I C A L G U I D E S 
The potential experienced by an atom in an off-resonant laser beam is 
proportional to the beam intensity and inversely proportional to the de-
tuning from atomic resonance. That is, the potential V is approximately: 
tiT^ 1 
where, 
r is the transition linewidth (In x 6.8 MHz) 
/sat is the saturation intensity (16 W/m^), 
A is the detuning {2n x c/290 nm). 
Since we use a gaussian laser beam, the optical potential is: 
l / (x ) = 8A 
1 
1 + 4 exp 
( 7 . 1 ) 
(7-2) 
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where Wq is the beam waist (40 [im). The trap frequencies for each direc-
(a) mp = 0 
{b)mp = -\ 
Figure 7.1: Guided atom laser images after 15 ms free expansion. In both images 
atoms remaining in the condensate are visible on the left, with the atom laser 
propagating to the right. The field of view in each image is 5 m m across. 
tion are: 
'4l/n and u)z = —1 1 Zo 
'2U, 
(7.3) Wo \ m o y m 
where Uq = Therefore the guide frequency cOp (or simply co) is 
proportional to: 
0)p oc 1 /wl for constant power, and 
1 /wq for constant depth. 
(7.4) 
7.2 P R O D U C I N G T H E A T O M L A S E R 
The outcoupling is done by lowering the power in the vertical beam, so 
that the depth of the trap becomes insufficient and atoms in the conden-
sate leave and form an atom laser [ 1 13] . This is done in the following way: 
after the evaporation is complete, there is a 200 ms preparation stage 
prior to outcoupling, in which simultaneously: 
• Ph is increased from 50 to 200 mW; 
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• Pv is decreased f rom 3 to 1 W; 
• the magnetic field gradient is increased f rom 0 to 18 G/cm. 
This preparation is done so the maximum magnetic field gradient (22 G/cm) 
will be sufficient. For the outcoupling itself, we hold the power in each 
beam constant and increase the magnetic gradient f rom 18 G/cm to 
22 G / c m over a fu r ther 200 ms to produce the beam. To image the 
beam, we switch off all fields and lasers, and allow a short expansion 
t ime (5-25 ms) before taking an absorption image (see Figure 7.1 on the 
preceding page). 
How is (n) measured? Using the Hamil tonian for the transverse 
modes: 
n = + (7.5) 
and noting that: 
then by using the virial theorem: 
(7-6) 
(7.7) 
where the operator T is for kinetic energy and V is for potential energy, 
one can rearrange the above equations to find: 
i n ) -
m (Av)2 1 
J w ~ 2 
(7.8) 
Therefore to know (n) requires measurement of Av and o). 
To measure the transverse velocity spread, Av, we make t o p measure-
ments of the expansion of the atom laser beam. The corresponding ab-
sorption images are integrated along the atom laser propagation direction 
z, (excluding the region of the bec) , and the resulting one dimensional 
profiles are fitted with a Gaussian function to find the width A x { t ) . We 
then find Av through the relation: 
[ A x ( 0 ] ' = [Ax(0 ) ] ' + [Av] ' (2. (7-9) 
We measure the trap frequency w of the guide by observing the oscilla-
tion of the cloud center of mass in t o p images, after giving a momentum 
kick to the cloud f rom the fast switch off (less than I ms) of the magnetic 
gradient used for distillation. The maximum time we can observe these 
oscillations is limited by the expansion of the cloud inside the waveguide, 
because there is almost no confinement along the guide axis. After 100 ms 
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Figure 7.2: Measuring {«), in this case for an mf = 0 atom laser. The top plot 
shows the free expansion measurements and the fit to them. The middle plot 
shows one particular fit at 15 ms expansion time to find the width (in total 20 
measurements for each expansion time were done). The bottom plot shows the 
Fourier transform of vertical oscillations of the atom cloud in the waveguide, 
to measure the guide frequency. For the Wf = ±1 atom lasers, the data and 
analysis were similar. The error bars are the standard deviation of repeated 
measurements. 
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Mean excitation number (n) 
3.2 3.4 3.6 3.8 4.0 
Evaporation time (ms) 
Figure 7.3: Effect of incomplete evaporation on (n). The value for («) quoted 
here is actually an upper bound, since they are all based on measurements with 
TOF being 25 ms, with the assumption of neglible starting width, not on fits to 
measurements with a many different expansion times as in Figure 7.2 on the 
preceding page. 
one fifth of the Raleigh length. Then the change in the trap frequency 
over the cloud length (10 Hz) is of the same order as the fourier width of 
the observation time, so further observation is not useful. A typical fit 
and TOF measurement can be seen in Figure 7.2 on the facing page, for 
the case of mp = 0 and giving {n) = 0.65 ± 0.05. 
It is important that the horizontal guide switch off suddenly. That is, 
as the power in the horizontal beam is reduced and the trap frequency 
drops, it is important that the wavefunction does not adiabatically follow 
the changing potential. It could then "adjust" to some new potential with 
a lower trap frequency, expand more slowly and underestimate Av and 





We measured the switchoff of the light through the AOM with a fast 
photodiode. The intensity decayed exponentially with time constant T = 
25 |is. For a simple calculation, let us assume that the trap frequency 
goes from linearly 200 Hz to 0 Hz in 25 ps, then equation 7.10 becomes 
Trap switchoff 





Figure 7.4: Flux. Each data point has been averaged over 30 pixels (140 |im) to 
remove high spatial frequency imaging noise 
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32 » 1 and the criterion is well satisfied. (A more careful analysis gives 
the left hand side as initially 16 and increasing exponentially thereafter.) 
7.3 FLUX 
A simple model exists for the flux of this type of outcoupling (in which 
the depth of the trap is progressively reduced) [96]. ft makes the approxi-
mation that when the trap depth is greater than the chemical potential, 
then no atoms are outcoupled. When the depth is less that the chemical 
potential, then atoms will be outcoupled, until the chemical potential 
reduces and becomes again equal to the depth. The new condensate atom 





where ^ is set equal to the trap depth and ah = y h j i r m o ) is the harmonic 
oscillator length. To find the flux using this model would require finding 
the depth of the trap numerically as a function of time. 
We have not made this numerical study in this work, but we have 
measured the flux as a function of time from the absorption images. The 
absorption image gives the atomic column density o{y, z), such that the 
number of atoms in the pixel at location {y, z) is a{y, z)^y Az, where 
^ y and Az are the pixel dimensions (each is 4.7 ^m at the location of the 
atoms). Integrating along the transverse (vertical) direction y gives the 
linear atomic density o{z) along the propagation direction z: 
(7.12) 
Model for outcoupling 
Extracting the flux 
from an absorption 
image 
The flux (P{t) may be found by taking: 
0(OAf = a(z)Az, 
and then by using Az = { d z / d t ) A t , the flux may be written: 
dz 




We therefore need a mapping from posftion to time, which we shall 
take f rom the classical trajectories of the atoms. The atoms accelerate 
continuously from the time they are outcoupled. The acceleration a 
is due to the magnetic field gradient, and is a = 6 m/s^ for mp = - 1 
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and a = 0.3 m/s^ for mp = 0 (due to the second order Zeeman effect). 
Note that we have made the approximation that the acceleration does not 
change between when outcoupling begin and ends. (In reahty, it increases 
hnearly by at most io%.) During the time of flight tjo?, the magnetic fields 
are switched off, so acceleration stops, but the atoms of course continue 
to move with the velocity v = at that they have acquired. Their position, 
z as a function of time, is therefore: 
z(t) = Viat^ + (at) tjo,, (7-15) 
where t is the time since the beginning of coupling, and tjo^ is the time 
of flight (the time for free expansion between the end of outcoupling and 
the image being taken). 
Unlike the Ramam atom lasers in Chapter 2, no atoms overtake any 
other atoms, and so the mapping from position to time is one-to-one and 
can be easily inverted: 
Finally, then, the flux is: 
(l>{t) = (j[z{t))a{t+t,o,). (717) 
Figure 7.4 shows the measured flux for both the m^ = 0 and mp = - 1 
atom lasers showed in Figure 7.1 (averaged over 30 pixels to remove high 
spatial frequency imaging noise). 
7.4 S P I N O R G U I D E D A T O M L A S E R S 
All the atom lasers that I have discussed so far in this thesis have been 
atom lasers of one spin state only. However, we were also able to use the 
Paris machine to produce atom lasers which contain all three Zeeman 
states mp = -1,0, and +1. This was done by evaporating with no external 
magnetic fields applied, and then linearly reducing the power in the 
vertical beam. Absorption images of these spinor atom laser can be seen 
in Figure 7.5 on the facing page. 
Vengalattore et al., the group of Dan Stamper-Kurn at Berkeley, has 
reported using a spinor BEC to measure the magnetic fields with 
sensitivity of 8.3 pT/Hz'^^ [37]. This proof of principle spinor atom laser 
could one day be part of a magnetic field measurement. The advantage of 
such a measurement would be that every aspect of the guide (including 
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(a) Different spin states superimposed. 
(b) Different spin states separated. 
Figure 7.5: Guided spinor atom laser, with equal population of all three spin 
components of the F = 1 manifold, propagating in the horizontal waveguide. 
The upper image shows all three spin states superimposed; the lower image 
shows the spins separated by a magnetic field gradient during the free expansion. 
In both images atoms remaining in the condensate are visible on the left, with 
the atom laser propagating to the right. The field of view in each image is 5 mm 
across. 
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imperfections) would affect each spin state equally, that is it would be 
"common-mode" noise and therefore would not affect a measurement. 
To a good approximation, only the magnetic field would affect the phase 
of each spin differently. 
7.5 A D D I T I O N A L E X P E R I M E N T S 
The system of a spinor F = 1 condensate in a crossed dipole trap is 
extremely versatile, and we were able to do a number of proof-of-principle 
experiments. 
Using a longitudinal magnetic field gradient and a condensate with 
all three spin states, we were able to produce an atom laser beam in 
which mp = - I propagates in one direction along the guide and mp - + l 
propagates in the other direction (see Figure 7.6 on the next page). Such 
outcoupling was first done by Lundblad et al. in the group of Lute Maleki 
at the Jet Propulsion Laboratory (JPL) in CalTech [97, 98], but into free 
space rather than in a guide. The trip = - I and +1 atoms needed for such 
an experiment can be produced from adiabatic compression of = 0 
atoms, which produce pairs of mp = +1 and - 1 atoms through angular 
momentum changing collisions. In that case, the two atom laser beams 
would be number correlated, and so represent an oppurtunity to study 
entanglement and squeezing in a BEC [97]. 
Atom laser waterfall We also were able to extract the atoms from the guide and let them 
propagate in free space, forming an "atom laser waterfall". This occurs 
because as the optical laser diverges, the guide frequency decreases, and 
the gravitational sag increases until the atoms fall out (see Figure 7.7 on 
page 102). This could become a crude method to outcouple an atom laser 
from the guide into free space. 
7.6 F U R T H E R W O R K 
Further work will improve the atom laser spatial mode, and add coherent 
coupling between the spin states so interferometery becomes possible. 
One improvement would be to improve the position locking of the 
laser guide. The current mirror-piezo system has a bandwidth of around 
20 Hz, and is only really useful for long term stability A feedback system 
with an AOM to change the laser pointing could have a bandwidth of 
several megahertz. Such systems have been successfully implemented by 
several groups [ 1 1 4 , 1 1 5 ] . 
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Measurements of magnetic fields and other interferometry experi-
ments would require initial state preparation, and the ability to coher-
ently couple the three spin states. The metal vacuum chamber with the 
small (5 cm) windows located at a distance from the atoms prevents RF 
from being used. Therefore future work on the experiment will include 
F = 1 — 2 microwave transitions at 6.8 GHz to prepare the spinor BEC 
in a particular superposition of the three spin states, and to perform 
coherent coupling of states in n/2 and n pulses. 
- 1 0 + i 
Figure 7.6: Multi-spin component guided atom lasers propagating in different 
directions. The field of view is 1.2 mm across. 
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Figure 7.7: An atom laser waterfall: gravity eventually overcomes the guiding 
potential, and the atom laser beam falls out. The field of view is 4 m m across. 
Figure 78: Transverse oscillations in the guide. These are due to excitations that 
occurred when the preparation for outcoupling was not adiabatic (for example, 
when the laser power was changed too quickly). They could be suppressed by 
careful optimisation. The field of view is 2.6 m m across. 
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QUANTITY VALUE SYMBOL 
Coil spec bias field 0.35 G/A 
Coil spec gradient 0.1 G c m - i A-i 
Distillation magnetic bias field 70 G Bo 
Distillation magnetic gradient 20 G/cm b 
Optical trap laser wavelength 1072 nm At r 
Optical trap laser linewidth 1 nm 
Horizontal beam 
waist 40 (im WH 
Rayleigh length 5 mm 
power (initial) 20 W Ph 
power (final) 100 mW 
Vertical beam 
waist 110 nm Wy 
Rayleigh length 35 mm 
power (initial) 100 W P. 
power (final) l o w 
Frequency difference 80 MHz 
Imaging detuning - (resonance) 
Pixel size (at position of atoms) 4.7 |im 
Pixel size (on camera) 6.45 |im 
MOT loading time 1 s 
Dark MOT time 200 ms 
Compression 20 ms 
Polarisation cooling 10 ms 
Evaporation 3 - 5 s 
Time of flight 0 - 3 0 ms 
Imaging pulse duration 5 ms 
MOT atom number 10^ atoms 
Crossed trap atom number 5 X 10^ atoms 
BEG atom number 10® atoms Nc 
Table 7.1: Selected parameters for the guided atom laser experiment. 
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C O N T I N U O U S A T O M L A S E R S 

8 
C O N T I N U O U S A T O M L A S E R S 
Every atom laser produced so far has drawn upon a fixed source of atoms. 
This source (typically 10®) could not be refilled, so when it was emptied 
the atom laser flux stopped. The source of atoms used has always been 
a Bose-Einstein condensate (BEC), and there is a good reason for this. 
An atom laser needs many atoms in one quantum mode. Conveniently, 
this is created inside a BEC when it condenses. (For a condensate, the 
mode is the ground state of a trap.) The process of producing an atom 
laser (known as outcoupling) transfers atoms from the trapped mode to a 
freely propagating mode. The outcoupling process only needs to preserve 
this concentration of atoms in one mode, it does not need to create it. 
To make an atom laser truly continuous requires a mechanism to add 
atoms to the condensate mode whilst outcoupling an atom laser, a process 
known as pumping. In this chapter I will discuss different approaches 
that have been used to try and create a pumped atom laser; I will discuss 
what is means to pump an atom laser; and I will discuss the pumping 
experiments done here at ANU. 
8 . 1 D I F F E R E N T A P P R O A C H E S TO T H E P R O B L E M 
There are two main approaches taken by the groups attempting to produce 
a continuous atom laser (see Figure 8.i). The first approach is to extend 
the operation of a conventional atom laser, by replenishing the BEC while 
Two approaches to the 
attempts to produce a 
continuous atom laser 
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B E C 
Atom laser 
Propagation 
(a) Replenishment of a condensate (delivery and pumping) with simultaneous 
outcoupling 
Magnetic waveguide Propagation 
RF coils for evaporative cooling 
^ ^ ^ 
T7 
Quantum degenerate beam 
Hotter Colder 
(b) Cooling of a continuous thermal beam 
Figure 8.1: Two approaches to the goal of producing a continuous atom laser. 
The first approach (a) involves replenishing a conventional trapped BEC whilst 
simultaneously outcoupling an atom laser. Replenishment has two aspects, deliv-
ery of ultracold atoms to the condensate and pumping them into it. An optical 
conveyor belt represents the delivery aspect, but several techniques (magnetic 
fields, electric fields) could be used. The second approach (b) is to evaporatively 
cool a continuous thermal atomic beam. The RF coils represent the evapora-
tion method (microwave and surface evaporation techniques have also been 
used [99,100,116].) 
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at the same time outcoupling an atom laser f rom it. This is the approach 
that our group at ANU has taken. The second approach is to produce a 
conventional continuous thermal atomic beam, and to cool it to quantum 
degeneracy as it travels. Because of the need to cool via evaporation, it is 
impor tant the density of the beam remain high as it travels, and so it is 
confined to propagate inside a magnetic guide. This second approach is 
being pursued by many groups around the world, including the group of 
David Guery-Odelin at ENS Paris (the group with whom I worked on the 
guided atom laser experiments discussed in Chapter 5). 
Both approaches have the potential to produce continuous atom lasers, 
but the atom laser that each experiment may produce will have different 
properties. An atom laser produced f rom a Bose-Einstein condensate 
has excellent longitudinal (or temporal) coherence; a thermal beam evap-
orated in a waveguide has such coherence only over a limited region. 
The longitudinal coherence of a tom lasers outcoupled f rom a BEC was 
demonstra ted by Kohl et al. [27]. In this experiment, an atom laser was 
outcoupled by an RF field from a magnetic trap and allowed to propagate 
400 ^m under gravity. Then the atoms passed through two Raman lasers 
which transfered them into the magnetically trapped |F = 2, mp = 1) state. 
At this position below the condensate, the magnetic field gradient is large 
(200 G /cm) and the atoms were reflected upward. An RF spectroscopy 
technique allowed the inteference pattern between the start and end of 
the atom laser to be measured, showing excellent longitudinal (temporal) 
coherence, and limited by the finite outcoupling time (Fourier limit) and 
condensate phase fluctuations. 
The evaporation of a guided atomic beam was considered in an article 
by Castin et al. [117]. They modelled the system as an ideal quantum Bose 
gas in a 20 harmonic waveguide of length L and guide frequency The 
natural choice of basis to describe such a system is for the two transverse 
dimensions to use harmonic oscillator states (labelled and ly) and for 
the longitudinal dimension to use particle-in-a-box states (labelled k). In 
thermodynamic equilibrium, the number density in each state is given by: 
ly, k , li) ^ r^T^ ^ ^^ (8.1) 1 
where, 
jA is the chemical potenial, 
k^ is the wavenumber of the transverse eigenstate {2nlJL), 
is Boltzmann's constant, 




Evaporation of a 
continuous thermal 
beam 
In the t he rmodynamic limit, in which L ^ 00 and N ^ 00 but N/L -
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Plin = constant, they found that there is no Bose-Einstein condensation 
to the absolute ground state (Ij, = ly^ k = 0). (This is related to the fact 
that there is no Bose-Einstein condensation in one dimension.) There 
is, however, a phase transition to the transverse ground state (/^ = /y = 0) 
that occurs when the linear density is greater than a certain critical density 
Pm' given by: 
1 / t ^ r C(5/2), (8.2) Pl in - \hco i 
where, 
A is the thermal de Broglie wavelength ( h / ^ / l m n J ^ ) , 
C( 5/2) is the Riemann Zeta function of 5/2 (approximately 1.341). 
Any density above this critical value will accumulate in the transverse 
ground state. In this case, the atom laser has a longitudinal coherence 
length Ic given by: 
= (8.3) 
Practically, this means that an interferometer produced with this type 
of atom laser will need to be a zero path length difference interferometer 
(sometimes called a white light interferometer), or at least would need to 
operate with a path length difference smaller than the coherence length. 
Phase fluctuations of an elongated condensate in a ID geometry were 
observed by Dettmer et al. [ii8]. 
8 . 2 W H A T D O E S IT M E A N TO R E P L E N I S H A C O N D E N S A T E ? 
As mentioned above, our approach is to extend the operation of a con-
ventional atom laser, by replenishing the condensate while at the same 
time outcoupling an atom laser from it. Replenishment may be separated 
into two processes: 
1. Delivery of cold atoms to the location of the condensate. 
2. Pumping the cold atoms into the condensate mode. 
Delivery of ultracold Delivery is a challenging process, because of the strict and incom-
atoms to a condensate patible requirements of the different techniques used to cool atoms to 
the condensation threshold, and the fragility of atoms cooled to such 
temperatures. One example given by Howard Wiseman is that [4]: 
. to laser cool atoms from room temperature, each atom must scatter 
at least 10'' photons; but 
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• to evaporatively cool atoms in a trap, the atoms must scatter no 
more than one photon every 10 seconds. 
Since the scattered photons are emitted in all directions, the atoms under-
going laser cooling must be physically shielded from the evaporatively 
cooled atoms and then transported to them, all in ultra high vacuum'. 
To produce the level of shielding needed whilst transportation the atoms 
in vacuum is of course difficult to achieve. 
Despite these difficulties, delivery has already been demonstrated with 
several techniques. Chikkatur et al. repeatedly delivered 2 x 10® Bose 
condensed atoms to another condensate every 18 seconds with a moving 
optical trap, and successfully merged the two condensates together [119]. 
Ultracold atoms have been transported more than 20 cm using moving 
optical lattices by Schmid et al. using Bessel beams and Lattimore et al. 
using near-resonant lasers and fast transit times [120,121]. The magnetic 
guide experiment at ENS described above (§8.1) transported ultracold 
atoms over 5 m [99]. 
But delivery of additional ultracold atoms (or even Bose condensed 
atoms) to a BEC is not sufficient to produce a continuous atom laser. If 
very cold (but not Bose condensed) atoms are simply added to a conden-
sate, they will likely heat and destroy it. When adding one condensate to 
another, such as in the experiment by Chikkatur et al. described above, 
each condensate can be regarded as a coherent state with its own (effec-
tively random) phase; mixing the two condensates will result in one new 
condensate but with a new phase somewhere between the two original 
phases [119]. 
Therefore, to replenish a condensate requires an extra process: adding 
atoms into the condensate mode or pumping. The pumping process 
should satisfy four requirements: Four requirements of 
It should coherently add atoms to the laser mode, giving them the 
same phase as the lasing mode. This done by Bosonic stimulation 
(the fact that the rate of transitions to a mode containing N bosons 
is is proportional to iV + 1. 
t. It should irreversibly add atoms to the lasing mode. This requires 
coupling to a reservoir. Two reservoirs are available: the empty 
modes of the electromagnetic field accessible by transitions from 
pumping 
Technically, the laser cooling stage may be done at a pressure which is less than UHV, 
and often happens at Rb vapour pressure (10"^ torr for room temperature). Then the 
transport process would move the atoms into a UHV region through an aperture which 
preserves the pressure difference between the two regions. 
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excited atomic states, and the empty modes of the atomic field 
accessible by collisions. 
3. It should operate continuously. 
4. It should do all the above, while at the same time an atom laser is 
outcoupled. 
The pumping scheme in the experiment described below satisfies all these 
conditions. 
Production of the two 
condensates by 
sympathetic cooling 
8 . 3 P U M P I N G 
The pumping experiment used the same basic experimental machine 
(vacuum system, lasers and optics, computer control, imaging system) as 
was used for the spatial mode experiments described in §4.1, with some 
modifications. 
The pumping experiment used two clouds of atoms: each cloud in 
a different internal state, both clouds Bose condensed, both held in a 
magnetic trap, with one cloud a few microns distance above the other. 
The upper cloud was a condensate in \F = 2, njf = +2), which was the 
reservoir of ultracold atoms. The lower cloud was a condensate in |F = 
l ,mp - - I ) , which was the lasing mode into which atoms were pumped. 
Figure 8.2 shows an absorption image of the both condensates and atom 
laser all together. Figure 8.3 shows RF spectroscopy of the density of each 
condensate. 
The two condensates were produced by optical pumping and sympa-
thetic cooling [ 1 2 2 ] . After the polarisation gradient cooling stage of the 
experiment, there was an optical pumping stage to transfer the atoms 
from F = 2to F - 1. This was how the F - 1 condensates were produced 
for the spatial mode experiments described in Chapter 4. This optical 
pumping was achieved by a 20 i^s pulse o f a light at the |F = 2) ^ \F' = 2) 
which pumps most of the atoms into the |F = 1, mp = - 1 ) state. A small 
fraction remain in F = 2. The F = 2 atoms have twice the magnetic 
moment as the F = 1 atoms and therefore the gravitational sag is half 
as much. Therefore, although they remain in thermal contact with the 
F = 1 atoms during the evaporation, the F = 1 atoms are preferentially 
evaporated as they sit physically below the F = 2 atoms. At the end of the 
evaportion, there are two condensates, one in each hyperfine state, and 
each contains approximately the same size (5 x 10® atoms). By changing 
the length and power of this pulse, and the length of the evaporation 
stage, the relative number of atoms in each condensate can be varied. 
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The p u m p i n g process is i l lustrated in Figures 8.4 a n d 8.5. A toms are 
ou t coup l ed f r o m the source condensa t e in F = 2 by an RF field which 
t ransers the a toms f r o m nif = 2 to 1 and to 0. (The small expected popu-
lation in the intermediate state of m^ = +1 could not be directly observed 
in t he abso rp t i on images to be above the noise level.) These a toms fall 
u n d e r gravity a n d en ter the lasing m o d e condensa te which is in f = 1. 
The size of each condensa t e is a r o u n d 5 (im, a n d the dis tance be tween 
t h e m a r o u n d 8 ^m, so they slightly overlap (see Figure 8.3). Dur ing this 
t ime, a weak upward propagat ing laser with n polarisation and resonant 
to the F = 2 f ' = 1 t rans i t ion is inc ident u p o n the a toms. The a toms 
abso rb this light a n d are s t imula ted to enter the condensa te m o d e in 
11, - 1 ) by t he p resence of the a toms already in that mo d e . Figures 8.4 
and 8.5 illustrate how the p u m p i n g scheme works. 
This pumping exper iment is not the first experiment to have coherently 
a d d e d a toms to a condensa te , but it is the first to do so in m a n n e r com-
patible wi th bu i ld ing a con t inuous a tom laser. The first phase coherent 
amplification of matter wave experiments used a source condensate to co-
herently add atoms to an input atomic pulse [18,19]. Superradiant Raman 
scat ter ing (which is related to our exper iment) extended this technique 
by t r ans fe r r ing the a toms to a different hyper f ine state [123,124]. Gins-
berg et al. coherent ly t ransfered a toms between two falling condensates, 
us ing an EIT t e chn ique to cause the input pulse to adiabatically enter 
the second condensate mode [125]. All these experiments, however, have 
" p u m p e d " travell ing a tomic pulses, which subsequent ly moved away 
f rom their source condensate, or they have added atoms to a condensate 
in free-fall. O u r exper iment pumps atoms into stationary condensate in a 
conventional trap, which is the key step to producing a cont inuous atom 
laser. 
It is impor tan t to ensure that the m o m e n t u m of the incoming atoms can 
be ma tched to the lasing mode . This means that the atomic m o m e n t u m 
after the abso rp t ion a n d emiss ion of the p h o t o n s has to lie wi th in the 
m o m e n t u m spread of the lasing m o d e condensa te ( a round 0.3 m m / s ) . 
The magnet ic t rapping frequencies used place the clould near each other, 
w i thou t a signif icant spatial overlap, bu t also ensure that the velocity 
acqu i red by a 12,0) a t o m in falling f r o m the centre of the 12,2) c loud 
to the cen t re of the 11,-1) laser m o d e (12 m m / s ) can be cancelled by 
the absorp t ion of an upward propagat ing /r-photon and the emission of 
an appropriately directed and phased photon; a s ingle-photon recoil 
co r r e sponds to 6 m m / s . U e velocity at the lasing m o d e centre can be 
t u n e d by a r o u n d ±2 m m / s by m o v i n g the coupl ing surface wi th in the 
source cloud up or down. While the p u m p atoms are falling th rough the 
The pumping process 
Momentum 
conservation 
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S o u r c e c o n d e n s a t e |2, + 2 ) 
L a s i n g m o d e | l , - l ) 
A t o m lase r |1, 0} 
G r a v i t y 
Figure 8.2: Absorption image showing source condensate, laser mode condensate 
and atom laser (outcoupled f rom the laser m o d e condensate) . The image is for 
illustrative purposes . In reality, the outcoupling rate used for the a tom laser in 
this image was orders of magn i tude greater than that used for the p u m p i n g 
experiments. The field of view is 0.5 m m across. 
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Figure 8.3: r f spectroscopy of tiie two condensates. The spin states are physically 
separated by a magnetic field gradient during the a period of free expansion. 
Solid curve to guide the eye. The independent variable is on the vertical axis 
(contrary to normal use), to resemble the experiment more closely. The error 
bars are based upon the typical standard deviation for repeated measurements 
(3%). This was found by measuring four particular r f frequencies multiple 
times; most frequencies were only measured once. 
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Figure 8.4: Schematic of the pumping process. The energy level d iagram of the 
process is on the facing page. Atoms are outcoupled f rom the source condensate 
in F = 2 by an RF field which t ransers the a toms f r o m MF = 2 to 1 and to 0. 
These atoms fall under gravity and enter the lasing mode condensate which is in 
F = I. The size of each condensate is a round 5 |im, and the dis tance be tween 
them around 8 |im, so they slightly overlap at the beginning of the exper iment 
(see Figure 8.3). Du r ing this t ime, a weak upward propaga t ing laser with n 
polarisation and resonant to the F = 2 ^ F ' = 1 transi t ion is incident upon the 
atoms. The atoms absorb this light and are s t imulated to enter the condensa te 
m o d e in 11, - 1 ) by the presence of the a toms already in that mode . Whi ls t all 
the above is occuring, an a tom laser is outcoupled f r o m the F = 1 lasing m o d e 
condensate. 
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F=2 




Figure 8.5: Energy level diagram of the pumping process. The description and 
and a schematic of the process is in the caption on the facing page. 
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Isolating the pumping 
process 
Rate equation study 
laser mode, the velocity changes by 3 m m / s owing to gravity, and the 
time for which the pumping atoms satisfy momentum resonance with 
the laser mode is much shorter (100 fis) than the traversal time across the 
laser mode (1 ms). The velocity spread of the laser mode is of the order 
of 0.3 mm/s; thus, cancelling the atomic momen tum of the |2,0) state 
requires an extreme level of control over the pumping parameters. We did 
not observe collective motion, such as sloshing or breathing of either the 
source or laser mode condensates. This implies that if the pumping does 
indeed drive excitations, they occur with an amplitude of less than 5% of 
the full-width at half-maximum of the laser-mode condensate, which is 
inferred from the resolution limit of our imaging system. 
Note that each RF field affects only the condensate it is intended for, as 
the 200 ms duration ensures that the Fourier width is small. The F = 2 
to f ' = 1 pumping light is not absorbed by the F = 2 source condensate 
because of the n polarisation of the light. 
It is important to establish that the atoms enter into the lasing mode 
properly, and do not spontaneously decay from the |F = I', trip = 0) into 
other modes. Therefore we have studied the growth in the lasing mode 
condensate when only pumping is done (no outcoupling from the laser 
mode). The results of this are shown in Figure 8.6. In this figure, the top 
row shows absorption images of both source mode and lasing mode con-
densates. The second and third rows show the density profile through the 
horizontal center of those clouds, integrated vertically across the middle 
30 |im to reduce imaging noise. The theoretical profiles (bottom three 
rows) show the expected values for several idealised cases—purely Gaus-
sian, purely Thomas-Fermi, and purely Thomas-Fermi in 3D, accounting 
for the integration along one dimension due to the absorption imaging. 
Because the lasing mode condensate is an almost pure condensate, it 
most closely resembles the Thomas-Fermi case, particularly in the flat 
top in the center of the profile. The slight asymmetry in the profile is 
likely due to imaging noise. 
It is not possible to measure the atom laser directly whilst it is being 
pumped: the outcoupling rate is low and hence the atom laser optical 
density is also low. Therefore we have made a rate equation study of the 
pumping process, by studing the atom number dynamics in the the lasing 
mode and source mode for three cases: (1) pumping only, (2) outcoupling 
only, (3) both. We compared this measurements to a simple rate equation 
model, to establish the independence of the pumping and outcoupling. 
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The model used was: 
Ni = - y p N j (8.4) 
N ^ ^ + y . N j a N ^ - y o N u (8.5) 
where, 
Ni is the lasing mode BEC atom number (initially (6.7 ± 0.5) x 10^), 
N j is the source BEC atom number (initially (5 ± 0.4) x 10^), 
YP is the outcoupling rate from the source condensate (9 /s), 
yo is the outcoupling rate from the lasing mode condensate (1.4/s), 
aNi is the pumping efficiency into the lasing mode condensate. 
Both measurements and the comparison to theory are found in Fig-
ure 8.7. In the fit to the "pumping only" experiment, the reduction in 
the source condensate was used to find y^, and the increase in the lasing 
mode condensate used to find a. The "outcoupling only" experiment 
was used to find yo- Therefore no free parameters exist to the fit to the ex-
periment with both pumping and outcoupling, and the good agreement 
shows that the two process are largely independent. 
Although a Bose-Einstein condensate was used as a source, this is not 
an essential feature of the system. What is necessary is that the absorption 
and emission of two photons is sufficient to bring the atoms to within 
the momentum width of the lasing mode BEC (around 10® m"') . Conse-
quently, the source of atoms for replenishing needs to have a temperature 
around the photon recoil limit {h^k^/{mkB) Ri 400 nK for Rb); but the 
source need not be Bose condensed. 
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Figure 8.6: Isolating the pumping mechanism: results from pumping the lasing 
mode condensate (with no outcoupling from it). The three columns show the 
pumped cased, the unpumped case (i. e. initial conditions), and the resuhs of 
subtracting one from another 
The top row shows absorption images of both source mode and lasing mode 
condensates. The second and third rows show the density profile through the 
center of those clouds, integrated across the central 30 |am. The theoretical 
profiles (bottom three rows) show the expected values for several idealised 
cases—purely Gaussian, purely Thomas-Fermi, and purely Thomas-Fermi in 
3D, accounting for the integration along one dimension due to the absorption 
imaging. Because the lasing mode condensate is an almost pure condensate, it 
most closely resembles the Thomas-Fermi case, particularly in the flat top in the 
center of the profile. The slight asymmetry in the profile is likely due to imaging 
noise. 
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Figure 8.7: Results of a rate equation study of a pumped atom laser. The error 
bars are the standard error, or standard deviation divided by ^/n where n = 20 
is the number of independent measurements made. The solid lines are the best 
fit of the solution to Equation 8.5, done in this manner: in the pumping only 
experiment, the reduction in the source condensate was used to find yp, and the 
increase in the lasing mode condensate used to find a . The outcoupling only 
experiment was used to find yo- Therefore no free parameters exist to the fit to 
the experiment with both pumping and outcoupling. The detailed dynamics of 
the pumping will be explored in an article by D. Coring et al. (to be published). 
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8 . 4 P U M P I N G V I A C O N T I N U O U S E V A P O R A T I O N 
All cooling to BEC by evaporation can be considered pumping. Of the 
four requirements discussed above, the first three are clearly satisfied 
by evaporative cooling, which uses Bose stimulation to populate the 
condensate mode [20]. An obvious pumping method to try, therefore, is to 
take a partially condensed cloud, and to simultaneously evaporate atoms 
from the thermal cloud and outcouple an atom laser. In this case, the 
reservoir which ensures irreversibility is the empty modes of the atomic 
field, and the coupling to this reservoir is through collisions between 
atoms. The delivery methods described above are all capable of adding 
atoms to the thermal cloud, allowing the method to be extended to full 
replenishment. 
We attempted to produce a pumped atom laser using this technique, 
using two RF fields on atoms in a magnetic trap. Results may be seen in 
Figure 8.9. However,there are two difficulties with this technique. The 
difficulties occur because the two RF fields affect all atoms that pass 
through their resonance, and do not discriminate between thermal atoms 
and condensate atoms. 
1. The outcoupling RF field resonance must be over a small region 
around the magnetic trap center, or it will not be inside the (physi-
cally small) condensate. It therefore acts as an "anti-evaporation" 
field, selectively removing the lower energy thermal atoms which 
are more numerous there. Because the outcoupling is being done 
from an cloud of atoms which is partially condensed (that it, most 
atoms are not in the ground state) it is likely to have a low degree 
of coherence > 1) [26]. 
2. The atom laser falls through the pumping RF field resonance (which 
must be near the edge of the thermal cloud to remove the higher 
energy atoms) and transfers atoms to other mp states, creating 
noise on the beam. In fact atoms transferred in to magnetically 
trapped states will reenter and heat the condensate. 
These problems are illustrated in Figure 8.8. Because of them, we aban-
doned this technique; it could be possible to achieve with a different 
experimental arrangement. 
8 . 5 F U T U R E D I R E C T I O N S 
As discussed in §8.2, producing a continuous atom laser has two compo-
nents: delivery of ultracold atoms to a condensate, and pumping the atoms 
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Figure 8.8: Difficulties with pumping by continuous evaporation. The difficulties 
occur because the two RF fields affect all atoms that pass through their resonance, 
and do not discriminate between thermal atoms and condensate atoms, (i) 
The outcoupling RF field resonance must be over a small region around the 
magnetic trap center, or it will not be inside the (physically small) condensate. 
It therefore acts as an "anti-evaporat ion" field, selectively removing the lower 
energy thermal atoms which are more numerous there. (2) The atom laser 
falls through the pumping RF field resonance (which must be near the edge of 
the thermal cloud to remove the higher energy atoms) and transfers atoms to 
other mp states, creating noise on the beam. In fact, atoms transferred in to 
magnetically trapped states will reenter and heat the condensate. The direction 
of view is along the strong axis of the trap, the atomic density is in blue and the 
resonant surface of the RF fields is shown with a dotted line. Further detail on 
why the atom clouds and RF fields have this geometry may be found in §3.1. 
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Figure 8.9: Tentative results indicating RF pumping from the thermal cloud into 
the condensate. There are two difficulties with this method (see Figure 8.8 on 
the preceding page), and so we did not pursue the method any further than this. 
The two condensate pumping scheme discussed in §8.3 does not suffer these 
difficulties 
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into the condensate. Delivery has previously been done [119]. Pumping 
has now been done. To produce a continuous atom laser, the two pro-
cesses need to be combined. 
The pumping process could be investigated further by running the 
experiment in pulsed mode. By having all the atoms in one pulse, and 
by illuminating the pumping light in a pulses at different times, the 
momentum resonance could be observed directly. This has already been 
done in our group by D. Doring et al. (to be published soon). 
A more complete model of the system would be to use the Maxwell-
Schrodinger equation, which would also aid understanding of the pump-
ing mechanism. Graham Dennis has done detailed versions of such sim-
ulations, again to be published soon. These simulations suggest that 
using a transition that directly couples the F = 2,mp = +2 state to the 
F = 2, mp = 0, with no intermediate state, would more efficiently pop-
ulate the ntp = 0 state and increase the overall efficiency of the process. 
This coupling many not be done through an optical Raman transition, 
but it is possible with RF and microwave Raman transitions. 
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Q U A N T I T Y V A L U E S Y M B O L 
Tight trapping frequency (P = 1) 271 X 128 Hz COp 
Weak trapping frequency (F = 1) 271 X 13 Hz COy 
Trapping frequency ratio F = 2 : F = 1 ^/l•. 1 
Magnetic bias field 2.0 G Bo 
Thomas Fermi radius (F = 1) 5.1 nm Ri 
Thomas Fermi radius (F = 2) 4.4 |im Ri 
Gravitational sag (F = 1) 15 |im 
Gravitational sag (F = 2) 7.5 |im 
Pumping light resonance F = 2 ^ F ' = 1 
power 10 pW 
polarisation n 
duration 200 ms 
Time to cross lasing mode condensate 1 ms 
Time in momentum resonance 0.1 ms 
Pumping efficiency 20% 
Source outcoupling rate 9 / s YP 
Lasing mode outcoupling rate 1.4/s Yo 
Imaging detuning - (resonance) 
Pixel size (on camera) 9 |im 
Pixel size (at position of atoms) 5 (im 
Source BEC internal state |F = 2 ,mf = +2) 
Source BEC atom number (6.7 ±0.5) X 105 N2 
Source atom laser internal state |F = 2,mf = 0) 
Lasing mode BEC internal state | F = l . m f = - 1 ) 
Lasing mode BEC atom number (5 ±0.4) X 105 N, 
Pumped atom laser internal state | F = l , m f = 0) 
Table 8.1: Selected parameters for the pumped atom laser experiment. 




C O N C L U S I O N 
This thesis has described improvements to the spatial mode of guided 
and free space atom lasers, and the production of the first pumped atom 
laser. At the end of each section so far, I have described ideas to further 
develop each technique. In this chapter, I would like to discuss the pos-
sible development of atom lasers in general, particularly as it applies to 
precision measurement. 
The important consideration in precision measurement is, of course, 
the signal-to-noise ratio. The signal is proportional to the flux, N. The 
noise is proportional to the square root of the flux, \ /N, when all signifi-
cant technical noise is eliminated and shot noise is dominant. 
The obvious direction for atom lasers is to increase the flux, by building 
better BEC sources, and to decrease the noise, by introducing quantum 
squeezing techniques. 
9.1 I N C R E A S I N G T H E F L U X 
The key to increasing the flux of atom lasers is to improve their source, 
BECs: to produce larger condensates more quickly. Current atom laser 
techniques can use all the atoms in a condensate with low noise two or-
ders of magnitude faster than a condensate can be produced, so it is clear 
that the emphasis needs to be on improving BEC sources. It should be pos-
sible to design BEC machines to increase flux by two orders of magnitude, 
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without needing radically new techniques but simply by incorporating 
several new ones into one experiment. Currently, our machine at ANU 
produces a condensate of around atoms in slightly less than a minute, 
or a flux of around 2 x 10'^  atoms per second. For atom chip experiments 
and optical traps, the production time is shorter yet the condensate num-
ber is smaller, yielding a comparable flux. For example, the optical trap 
experiment at ENS produced a condensate of around 10^ atoms in 6 s. 
The largest pure condensate to date contained 1.2 x 10® atoms (in 
sodium), reported by van der Stam et al. at Utrecht [126]. The magnetic 
trap was decompressed near the end of the evaporation to reduce the 
density and prevent three body loss. Their experiment produced a con-
densate every 50 s, with a flux of 2 x 10® atoms per second, the current 
state of the art. The Utrecht experiment used a Zeeman slower which 
loaded the MOT at a rate of 3 x 10® atoms per second. Loading rates of 
2 X lO'o atoms per second (in Rb) have been reported by Lahaye et al., 
using an optimised Zeeman slower design [99]. Similarly, using large 
diameter (3 cm) laser beams should produce similar loading times using 
A 2 D MOT. 
Further increases in flux could come from advanced cooling techniques 
which have already been demonstrated successfully, but which have not 
yet been incorporated into large condensate machines. These include 
Raman cooling [127], and Doppler cooling of atoms inside a magnetic 
trap to the Doppler limit [127]. Finally, the realisation of pumping and 
the possibility of making a continuous atom laser would make it possible 
to run each stage of BEC production (MOT loading, cooling, evapora-
tion, delivery and pumping) in parallel rather than sequentially, further 
improving the production rate. 
9 . 2 D E C R E A S I N G T H E N O I S E 
Once atom lasers have ideal gaussian modes, with perfectly stable BEC 
sources and outcoupling fields (or decent approximations thereof), con-
ventional quantum number fluctuations will be the remaining noise 
source. For a shot noise limited measurement, the sensitivity is 
If the quantum fluctuations can be suppressed (perfect squeezing) then 
the sensitivity is N'^/Hz (the Heisenberg limit). For the current best 
BEC source (lO'' atoms per second), this is a potential three orders of 
magnitude improvement. As the flux increases, so does the potential 
improvement. 
There have been several experimental proposals to squeeze an atom 
laser. Haine et al. have suggested using a squeezed optical laser as a Ra-
9-2 D E C R E A S I N G T H E N O I S E I3I 
man outcoupler, showing theoretically that the squeezing is efficiently 
transferred to the atoms [128]. Squeezing in optical lasers is already highly 
developed, at the correct wavelengths for BEC experiments, at high de-
grees of squeezing, over many frequency bands [129]. By operating in 
the regime where the Raman outcoupling beam is partially absorbed, the 
atom laser would be entangled with the outcoupling, allowing studies 
of massive particle entanglement [130]. Another proposal is to use the 
inherent non-linearity of the atoms in the condensate, which can produce 
Kerr-type squeezing [131,132]. 
For atom laser experiments able to reach the quantum noise limit, when 
they have high flux and that limit is low, the potential is great. Atom lasers, 
which were only invented a little over a decade years ago, are quickly 
maturing into an exciting and powerful technology. 
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